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1. INTRODUCTION 
1.1 Acid W~ter Proble~s 
The acidification of rivers and lakes has been the subject of 
increasing concern in Europe and North America in recent years. 
Declining ,fish stocks have been widely reported, and surface 
waters with previously productive fisheries have in many cases 
become fishless (1, 2, 3). In addition to the direct effeqts of 
increased acidity, an important factor in the observed decline 
appears to be the elevated concentrations of dissolved aluminium 
that are often found in low pH waters. In regions where geology 
and soil type dictate that the buffering capacity of natural 
waters is poor, dissolved aluminium can be acutely toxic to many 
forms of aquatic life (4, 5)_. It has also been more recently 
suggested that the acidification of surface waters~may have 
public health implications in remote areas where water treatment 
is rudimentary (6, 7). 
The mechanisms that account for the phenomenon of surface water 
acidity are complex. It is clear that acidic rainfall arising 
from industrial pollution may be a major factor, with deposition 
of rainfall in large areas of the northern hemisphere having a 
mean pH lower than 4.5. This is at least five times more acidic 
than unpolluted rain in equilibrium with the atmosphere, which 
would have a mean pH in the range of 5.0 -- 5.4. However land 
use factors have also been cited in explaining the acidification 
of rivers and lakes, and in some parts of Britain the expansion 
of conifer plantations has exacerbated the effects of acid 
deposition. For example in comparative catchment studies in 
Scotland and Wales, waters draining afforested catchments have 
been found to be more acidic and to contain elevated 
concentrations of toxic dissolved aluminium when compared with 
adjacent moorland catchments having similar geology and soils 
(8, 9, 10). Changes in agricultural practice such as the 
reduction in the use of agricultural limestone may also have 
been contributory factors in some upland areas (11). 
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1.2 Pre~io~s 
Previous research in Wales and other parts of the United Ki~gdom 
has been concerned with documenting the nature and extent of 
acid deposition and acid waters. Published data shows that the 
mean pH of rainfall in Britain ranges from 4.2 on the east coast 
to over 5.0 in north west Scotland (12, 13). Whilst the most 
acidic rainfall is in the east, it is paradoxically in the 
upland areas of the west and north that the most acidic surface 
waters are found (14). This is due to the low base content and 
consequently poor neutralising ability of rocks and soils in 
these areas. 
Within Wales the problem of declining fisheries and the lack of 
detailed water quality information prompted an intensive survey 
of rain and surface water during 1984 by the Welsh Water 
A\lthority. Rainfall quality throughout the Principality was 
monitored at 42 sites on a weekly basis and at a further 3 daily 
sites. It was found that mean pH varied from 4.7 in the 
western lowlands to around 4.5 in the uplands of Mid Wales and 
Snowdonia (15). These upland areas are the very ones most 
sensitive to acidification, being composed largely of base-poor 
Cambrian, Ordovician and Silurian mudstones and shales. 
A survey! of stream water quality, fisheries and invertebrate 
biology throughout this sensitive area in 1984 showed that 
acidic streams with elevated aluminium concentrations supported 
impoverished invertebrate communities and had low densities (or 
absence) of trout (16, 17). Afforested catchments were found to 
have more acidic waters than moorland ones. The relationships 
between water quality and biological status that have previously 
been identified in more restricted areas of the uplands (9, 10, 
18) can thus be seen to prevail over wide tracts of Mid and 
North Wales. Further evidence of biological damage to upland 
rivers includes a decline in the number of dippers (19, 20). 
Identifying any long term trends in the acidity of surface 
waters is hampered by ,the paucity of historical data. However, 
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diatom studies of lake sediments can be used to infer pH changes 
over time. Preliminary results of investigations in upland Welsh 
lakes undertaken by University College London indicate that 
lakes in moorland catchments with no record of land use change 
have suffered a pH decline of c. 0.5 units over the last hundred 
years. In an afforested catchment a drop of c. 1.2 units in lake 
pH has been inferred (21). The~e results confirm the findings of 
the comparative catchment studies discussed above, and. imply 
that surface water acidity in upland Wales is caused by acidic 
deposition but enhanced by land use factors. 
Various mitigation strategies have been adopted in Scandanavia 
; 
and North America in an attempt to counter surface water 
acidification. These involve applying limestone in a variety of 
ways : directly by liming lakes or flowing waters, and 
indirectly by the terrestrial liming of associated catchments. 
In West Wales three acidic lakes which previously had extinct or 
threatened fisheries have been restored by liming and now 
support brown trout populations (22). 
1.3 The Ll~~ Bri~~~e Pro~ect 
Whilst much background information on environmental acidity in 
upland areas is available" there are a number of key aspects 
which remain to be resolved. In particular the relative 
contribution of atmospheric and land use factors in accounting 
for surf·ace water acidity requires to be ascertained. The aim 
of the present study is to contribute significantly both to the 
detailed understanding of acidification processes and to 
practical management techniques which can be used to mitigate 
the problem. The main structure of the project is as follows: 
1.3.1 CATCHMENT STUDIES
 
Previous investigations into stream acidity in upland Wale~ were 
based on spot sampling (9, 18). In the present study continuous 
monitoring of pH, conductivity, temperature and flow (stage) is 
9
 
carried out at 15 minute intervals in twelve streams. A more 
comprehensive suite of determinands is analysed from weekly spot 
samples and from storm events (sampled by automatic sampler at 
15 minute intervals). The stream catchments are either 
unimproved upland pastures or afforested with conife~s (natural 
oak woodland in one case). Biological and fisheries monitoring 
is being undertaken on each of the streams. 
1.3.2 PLOT STUDIES 
The catchment studies are complemented by plot studies using 
various representative combinations of vegetation and soils 
(landscape units). Soil water in the different horizons is 
collected for analysis at fortnightly intervals, along with 
water from throughfall ("canopy drip") and stemflow in the 
forest plots and some grassland plots. The data generated 
enables acidification processes within each landscape unit, and 
hence within each catchment, to be understood in more detail. 
1.3.3 LAND TREATMENTS 
A major aim of the project is to evaluate techniques of land 
management that can be used to mitigate surface water acidity. 
Several moorland and forest land treatments have been selected 
for field testing, based on theoretical studies or on previous 
work in Scandinavia. All the study catchments are monitored for 
at least 12 months before treatment, and at least 12 months 
afterwards. Biological and fisheries surveys continue after 
treatment to monitor any effects. The treatments are 
- Standard agricultural improvement of moorland (see 5.2) 
- Liming* of moorland 
- Intensive liming of moorland strip along stream bankside 
- Clearance of conifer forest from stream bankside 
- Clearance of conifer forest from bankside, with liming 
- Aerial bombardment of conifer forest with lime 
* Liming : ground limestone used throughout-in preference to 
more reactive materials (slaked or quicklime). 
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In order to understand more fully the acidification processes 
arising from afforestation, and to investigate any differences 
between ploughing effects and planting effects, the following 
treatments are also being carried out : 
- Ploughing moorland as if for forestry (no planting) 
- Ploughing moorland and planting with conifers 
1.3.4 PROCESS INVESTIGATIONS 
The above research is complemented by a number of detailed 
laboratory investigations into particular environmental 
processes involving both aluminium-related and other aspects of 
acidity. Although dissolv~d aluminium has previously been 
linked with impoverished biological status (9,10), the detailed 
chemistry involved is poorly understood. Previous studies have 
estimated dissolved aluminium operationally from the filterable 
component (using a 0.45 pm membrane), whereas in this part of 
the project the speciation of aluminium at different pH values 
is examined in detail. Fish toxicity laboratory tests are 
closely linked with this work. Other process investigations 
include: field monitoring of the biological effects of 
artificially induced episodes of acidity; the importance of 
organic acids in controlling the pH of acid soil water and 
str~amwater; and the hydrochemical response of ephemeral soil 
pipe networks within catchments. 
1.3.5 MODELLING 
Modelling of the water quality, hydrological and biological data 
is being carried out to aid the interpretation and analysis of 
field data. Time series techniques are used to understand basic 
catchment dynamics, by predicting short-term hydrological and 
water quality responses to storm events. Long-term trends in 
catchment acidity are also being modelled, including predicted 
responses to the various land treatments. Biological modelling 
is being developed to predict invertebrate change in response to 
changes in stream chemistry. 
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1.4 The Prese~t Re~o~t 
The Llyn Brianne Project commenced in September 1984, although 
initial research into environmental acidity had been carried out 
in the area since 1980. This report documents the. progress made 
in the project in its first two years. Parts of it are summaries 
of more detailed reports on catchment characteristics and water 
quality/hydrology (section 2 and part of section 6 respectively) 
that have been produced elsewhere (21, 22). After a description 
of the monitoring equipment (section 3), an account is given of 
the "pre-treatlnent conditions in the catchments (section 4) andtI 
of the treatments themselves (section 5). Finally, progress to 
date in the various process investigations is reported (section 
6), and a summary of interim research findings is listed 
(section 7). 
ABERYSTWYTH 
lLYN 
BRIANNE 
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o 
l 
FIGURE Map of S.W. Wales showing Llyn Brianne 
12 
TABLE 1 The study catchments bastc	 information 
Site Land Use/Treatment	 Are9 Year of (km ) Treatment 
LI1 Close Canopy Conifer Forest Control 2.53 
­
LI2 Bankside Clearance and Liming of Close 1.05 1986 
Canopy Forest 
LI3 Bankside Clearance of Close Canopy 0.64 1983 
Forest 
LI4 Bomb Liming of Close Canopy Forest 0.33 1987 
LI6 Unacidified Moorland Control 0.68 
­
LI7 Moorland - used for artificial 0.68 1985,1986 
acidification studies 
LIB Juvenile open Canopy Forest 0.66 ­
GI1 Acid Oak Woodland 0.18* ­
CI2 Strip Liming of Acidified Moorland 0.59 1987 
CI3 Land Improvement of Acidified Moorland 0.84 1986 
CI4 Ploughing without planting of Moorland 0.49 1986 
crs Surface liming of Acidified Moorland 0.34 1987 
CI6 Acidified Moorland Control 0.72 ­
UC4 ploughing and planting of Moorland 2.60* 1987 
* estimated 
TABLE 2 Climate during the project (AWS Trawsnant) 
YEAR • MONTH AIR TEHP·C SOIL TEMP. RADIATION WIND WIND EVAPORATION RAINFALL 
HJ .-2 day·1 day-1_SPEED DIRECTION AT AWS TRAWSNAS'r 
-1Dry Wet Bulb Dep. ·C Solar Met 11 a	 I days P-H P 
0-180· -

\ 
1985 Mar 2.4 0.6 3.7 6.9 2.8 4.2 28 0.6 0.8 136 
Apr 5.9 1.1 6.3 10.3 4.8 5.J 23 1.3 1.7 176 
Hay 8.5 1.6 8.2 14.3 6.8 3.9 55 2.0 2.4 108 
Jun 10.2 1.6 , 10.3 15.J 8.0 4.2 24 2.2 2.7 211 
Jul 13.2 1.3 12.4 14.1 1.8 3.4 19 2.2 2.5 161 
AuS 11.4 0.8 12.0 9.7 5.4 5.4 13 1.3 1.9 300 
Sep+ 12.8 1.0 12.1 1.4 3.9 3.8 16 1.2 1.5 74 
Oet 7.9 0.1 9.6 5.5 2.4 J.J 75 0.8 0.9 156 
Rev 2.5 0.6 5.2 2.7 0.3 J.9 51 0.3 0.4 ,.37 
Dee 5.5 0.2 6.8 1.2 -0.1 5.3 28 0.1 0.2 327 
1986	 Jan + 2.7 0.5 3.7 1.8 0.0 ,.J 26 0.2 0.4 306 
Feb+ 
-4.4 0.1 1.2 7.2 0.2 7.9 100 0.2 0.1 11 
Mar+ 3.0 0.6 2.2 6.9 2.7 5.1 35 0.7 0.9 2"14 
Apr+ 4.1 0.8 5.1 10.3 5.2 3.3 22 1.2 1.4 1~5 
Hay 8.1 1.3 8.0 12.5	 6.4 6.0 26	 1.7 2.3 216 
2. THE STUDY AREA
 
The Llyn Brianne regulating	 reservoir (Plate 1) is located in 
Mid Wales, 14 km north of Llandovsry (Figur~ 1). Th~ r~s~rv~ir 
gathers the headwaters of the River Tywi, and lies at an 
altitude of c. 300m. Most of the investigations reported here 
are being carried out on the input streams and associated 
catchments of the lake itself, or of the River Camddwr (Figure 
2) . The majori ty of the Lake Input ("LI JI) catchments are 
afforested, whereas the Camddwr Input ("CI") catchments all 
support moorland vegetation. A further moorland catchment in 
( ltUC4")the nearby Upper Cothi and an acid oak woodland control 
catchment in one of the inputs of the Gwenffrwd ("GI1") are also 
being examined (Figure 3). Basic information on all the study 
catchments is given in Table 1. 
Since one of the major aims of the project is to assess the 
effects of different land use and land treatment on water 
quality and biological response, it is clearly necessary to 
identify and isolate any other factors which may contribute to 
inter-catchment variation. This necessitates a detailed 
characterisation of each catchment, in terms of topography, 
geology, soils, climate" vegetation/land use, and hydrology. A 
detailed survey of these has been made and is reported elsewhere 
(23). The information thus generated will be invaluable when 
final interpretations of the project data are carried out. A 
summary of the findings is presented below, by category. 
2.2	 To~ogLa~h~ ~~d B~si~ For~ 
SDUC Lampeter 
In this analysis attention is focused on features of topography 
and basin form influencing water ~athways through the catchment, 
and the concentration or time distribution of the discharge. 
Data on slopes, altitude, catchment size· and stream density has 
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Catchment morphometry dendrogram using average linkage (between groups) 
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been measured from 1 : 10,000 series maps. Altogether 21 
measurements and variables from each of the cr and LI catchments 
have been compiled. 
Since the selected morphometric parameters inevitably duplicate 
information, a factor analysis was used to determine the 
independent sources of data variation and to simplify the data 
set. From the factor analysis six of the twenty one indices 
were selected as criteria on which to examine catchment 
comparability usi~~ a cluster analysis,. A dendogram produced by 
the clustering indicates degrees of morphometric similarity for 
the study catchments, with those clustering to the left of the 
dendrogram being dissimilar from those clustering to the right 
(Figure 4). It can be seen that catchments LI1, LI6, LI7 and 
LI4 are on this basis dissimilar from the main cluster of 
basins. For LI6 and LI7 this reflects high values for drainage 
density and channel slope and a near circular basin shape, all 
of which implies a distinctively rapid hydrological response. 
LI4 has the smallest area and is the most elongated basin 
suggesting a less rapid hydrological response. LIl is 
distinctive in terms of its larger area. 
2.3	 Geology 
ITE Bangor (with Cambridge University) 
2.3.1 SOLID GEOLOGY MAPS 
The available large scale (c. 1:10,000) geological maps of the 
area date from the last century. These maps show the catchments 
to be underlain by lower Silurian shales, mudstones, greywackes 
and grits, with the shales and mudstones being dominant. The 
mineralogy of the shales and mudstones has been intensively 
studied in the Plynlimon area: they are dominated by chlorite, a 
dioctahedral mica and quartz with small amounts of feldspar and 
iron oxides. There is little mineralogical data on the grits 
and greywackes, and more information is required on the 
greywackes in particular. 
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2.4.3 SOIL ANALYSIS 
Th~ee profiles from each of the main soil types are being 
sampled for analysis. To date, priority has been given to 
sampling those soil-vegetation combinations which contain soil 
water sampling equipment. Fourteen soil-vegetation combinations 
have now been sampled, and the analysis results are shown in 
Table 3. 
All the soils are acid (pH < 4.7), and all show an increase of 
about 0.5 pH units down the profile. Loss-on-ignition (LoI) 
decreases down the profile, with values of over 70 % in the 0 
and P horizons but only 2 - 3 % in the Band C horizons. Cation 
Exchange Capacity (CEC) is low « 20 me lOOg-l) in all the 
soils, ranging from c. 15 me 100g- 1 in the 0 horizon to c. 4 
me lOOg-l in the C horizon. 
The exchange capacity of these soils is almost entirely 
satisfied by aluminium, resulting in base saturation values of 
less than 15 % except in the interfluve peats (Base Satn. > 65 
%). Values for exchangeable aluminium range from 0.9 me 
100g- 1 in the interfluve peat at site L27 to 11.7 me lOOg-l in 
the stagnopodzol 0 horizon at site CS1. Exchangeable hydrogen is 
present in much smaller quantities. 
Exchangeable base cations are found in decreasing amounts in the 
following order: Ca > Na > Mg > K > Mn. Organic horizons, 
particularly the interfluve peats, are dominated by calcium and 
magnesium on the exchange complex. Manganese is usually present 
at less than 0.11 me 100g- 1 , but large amounts ( > 0.37 me lOOg-' 
occur in the interfluve peats and in the valley bottom peats 
in catchment CI6. It is noticeably absent from the stagnopodzol 
mineral horizons. 
The results of the above analyses have been used to make a 
detailed comparison of the various moorland soil types, and to 
assess the effect of different vegetation types on soil 
properties. These will be reported elsewhere. 
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TABLE 3 EXCHANGEABLE CATIONS AND CATION EXCHANGE CAPACITIES
 
FOR BRIANNE SOILS 
All exchangeable cation values in meq/100g air-dry soil 
Site Hz pH pH LaI Na K Mn Ca Mg H Al CEe BS %AS pFe pAl 
H20 CaCI 1. 
C31 4.44 3.62 11 • 1 0.15 0.29 0.03 0.37 0.33 0.00 6.47 7.64 15.3 84.7 0.96 0.21 
C31 B 4.61 3.ee 3.8 0.10 o.ca 0.00 0.17 0.18 0.00 4.11 4.64 11.4 88.6 0.60 0.18 
C31 C 4.63 3.91 2.3 0.12 O.J9 0.00 0.15 0.15 0.00 3.89 4.40 11.6 813.4 0.43 0.16 
c 3.0':' 2.84 79.0 0.79 0.73 0.04 0.97 1.29 2.48 10.23 16.53 23.1 76.9 0.47 0.29 
f 3.Y4 3.15 9.4 0.28 0.12 0.00 0.15 0.07 0.54 10.16 11.62 5.3 :;4.7 0.19 0.15 
5 :'.23 3.47 5.4 0.27 C.07 0.00 0.09 0.00 0.60 5.89 6.92 6.2 93.5 0.B5 0.21 
C 't."::: 3.61 3.4 0.25 0.00 O.DJ 0.08 0.00 0.47 4.09 4.95 7.9 92.1 0.17 0.17 
C52 A 4.C5 3.43 15.3 0.33 0.42 0.11 0.47 0.42 0.57 3.07 5.3;l 32.5 67.5 0.58 0.18 
C52 S 4.25 3.62 5.5 0.25 0.17 0.04 0.27 0.13 0.39 2.76 4.01 21.4 78.6 0.72 0.24 
C52 C 4.':'3 3.50 1 .8 C.23 0.09 0.G1 0.24 0.07 0.25 1.81 2.70 23.7 76.3 0.23 0.16 
C53 0 3.93 3.10 8a.4 1.04 0.99 C.03 2.47 2.60 1.53 5.41 14.07 50.7 49.3 0.34 0.20 
C53 p ~.2C 3.35 49.4 0.96 0041 0.04 3.90 1.61 1.10 6.70 14.72 47.0 53.0 0.24 0.26 
C54 0 3.a9 2.77 94.5 1.56 0.67 D.JO 3.07 9.66 3.13 1.(9 19.88 75.3 24.7 0.03 0.10 
C54 j) 3.71 2.77 96.8 1.59 0.23 0.00 2.27 10.44 4.23 1.35 20.11 72.3 27.7 0.04 0.05 
C~1 : 4.')6 3.3 ... 44.4 0.74 0.58 0.03 1.50 ~2.11 1.31 11.73 13.50 26.3 73.2 0.44 0.18 
C61 E ~.16 3.!.Y 11 .4 0.28 C.11 o.OC 0.44 O.3Y 0.71 10.1~ 12.07 10. 1 a9. 9 0.71 0.17 
ce 1 B 4.32 3.39 5.9 J.18 O.J6 0.00'0.32 0.14 0.61 5.23 6.54 10.7 39.3 1.01, 0.27 
Ce1 C 4.41 4.C5 2.8 0.09 0.03 0.00 0.31 0.14 0.29 3.63 4.34 12.6 87.4 0.50 0.16 
C62 4.45 3.79 85.4 1.03 0.66 0.12 1.47 2.11 1.11 9.77 16.27 33.1 66.9 0.43 0.38 
(62 4.67 3.39 SS.3 1.04 0.27 0.39 2.13 3.44 0.32 5.23 13.32 54.0 45.i. 0.19 0.24 
(63 o 5.33 4.~7 50.9 1.06 0.45 0.~6 3.93 3.B8 0.77 3.29 14.04 71. 1 2 B• 9 0.92 0.12 
Cc3 p !t.73 '3.90 85.2 0.78 0.49 '0.37 ~.OG 4.49 1.07 2.84 14.04 72.2 27.8 0.32 0.14 
121 o 3.35 2.81 1.G~ 0.3~ 0.00 0.60 0.72 2.14 11 .. 24 16.90 16.1 83.9 0.32 0.31 
121 E ; ... ; 3.']7 0.27 CoO~ 0.00 0.1Y 0.01 0.e6 8.18 9.45 6.5 93.5 0.13 0.17 
121 B ~.51 3.35 5.1 ~.'7 0.J5 0.00 0.19 C.07 0.35 4.19 5.12 11.3 813.7 0.91 0.23 
1C:l C .3.63 3.40 3.8 0.24 o.o~ 0.00 C.20 0.07 0.34 3.89 4.7'111.7 88.3 0.47 0.20 
Ah 3.55 2.95 42 •.~ 0.75 0.62 0.09 2.07 2.66 2.01 9.73 17.93 34.5 65.5 0.66 0.21 
E J.78 3.26 1 G. 5 0.23 C.15 0.00 0.37 C.Zo 0.39 5.03 6 ... 8 15.6 34.4 O.6J 0.22 
e 3.;2 ~.46 5.8 J.24 0.09 0.00 J.3' 0.13 0.18 3.86 4.82 16.2 83.8 0.93 0.39 
C 4.14 4.·J4 2.7 0.20 C.04 0.00 0.33 0.04 0"09 1 .14 1.84 33.2 66.8 0.34 0.29 
123 o 3.34 2.~7 1.~1 0.48 c.oe 5.45 3.50 4.37 0.99 16.20 66.9 33.1 0.05 0.07 
.&.23 p 3.34 2.60 1.~o 0.35 o.o~ 3.50 4.40 4.67 0.94 15.32 63.~ 36.6 0.04 0.06 
141 An 3.7S 2.77 23.5 0.77 0.35 0.09 0.57 0.49 1.53 10.65 14.45 15.7 34.3 0.84 0.Z8 
141 ~ 3.85 3.39 11 .9 J.23 0.2J 0.07 0.29 0.19 0.45 6.5S 8.06 12.8 37.2 0.S4 0.34 
141 
141 
E 
C 
4.00 3.50 
4.,6 4.Q,j 5.9 3.0 
0.21 
0.27 
0.11 
0.1J 
0.03 
0.01 
0.27 
0.28 
0.09 
0.13 
0.29 
0.17 
3,.96 
2.25 
5.C4 
3.21 
15.7 
24.6 
34.3 
75.4 
0.93 
0.55 
0.39 
0.32 
181 o 3.71 2.70 CC .1 0.41 0.30 0.00 0.75 0.59 2.99 13.58 18.68 11.3 sa.7 0.31 0.35 
181 e 3.9!t 3.13 5.5 0.14 0.11 O.OJ 0.20 0.20 0.78 9.13 10.64 6.9 93.1 0.16 0.13 
le1 8 4.13 3.43 S.1 0.09 0.05 0.00 0.15 0.10 0.62 7.06 8.07 4.8 95.2 0.9J 0.24 
131 C 4.21 3.54 3.2 0.03 0.02 0.00 0.09 0.07 0.45 5.13 5.d4 4.5 95.3 0.41 0.15 
11 Ah 4.35 3.19 29.4 0.43 0.75 0.09 0.64 0.89 1.76 6.68 11.24 24.9 59.4 
11 A 4.36 3.49 14. S 0.31 0 ..33 0.09 0.27 0.33 0.52 5.41 7.26 18.3 7:'.5 
11 J3 4.59 3.90 9.9 0.27 0.23 0.01 0.13 0.14 0.32 4.06 5.16 15.1 78.7 
11 c 4.37 4.41 4.4 0.23 0.13 0.01 0.08 0.13 0.t7 1 .56 2.33 25.8 66.9 
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2.4.4 FUTURE WORK 
An examination of water pathways within and through the soil 
will form the main thrust of the next phase of the soil work. 
It is best seen as a process stu~y and will be based on 
intensive instrumentation of specific locations within a few 
catchments. 
2.5 Clirrla.te DC Swansea (Geography) 
2.5.1 INTRODUCTION 
Information on the meteorology and climatology of the study area 
is being obtained primarily from the Automatic Weather Station, 
situated at Trawsnant at grid reference SN 807493 (see Figure 2: 
tlAWS" ; also Plate 4). Details of the instrumentation are 
provided in Section 3. Meteorological observations are recorded 
at five minute intervals, and summarised in hourly form. 
Daily/monthly summaries are also available. Automatic 
raingauges have been installed at a further four strategic 
sites, and data from other daily and monthly raingauges in the 
area are also used. An additional storage gauge is being 
installed in the upper part of catchment LI2 to provide 
supplementary high altitude data. Short-term programmes to 
investigate within-catchment variations in rainfall are also 
being carried out using daily rainfall gauges. 
Data cover to date has been generally good, although some gaps 
have arisen due to technical problems. 
2.5.2 WIND AND TEMPERATURE 
Mean monthly temperature for the period January 1985 - May 1986 
ranged from 13.2oC in July 1985 to -4.40C in the exceptionally 
cold February 1986. Soil temperatures reached their 
maxima/minima in the same months, ranging from 12.40C to 1.2oC. 
Mean wind speed was highest in February 1986, when wind 
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d.irection was 100% with an easterly component (i. e. 0-1800 ) . 
However, in most months over 70% of the winds came from the S.W. 
or N.W. quadrants. 
2.5.3 RAINFALL 
The earliest rainfall records in the area date from 1961 (from 
Nantymaen, at the northern end of the Camddwr). Most of the 
other stations have short and often discontinuous data sets. 
Estimates of long-term means at the short-term stations were 
obtained using a simple ratio method (23). The 1941-70 mean 
annual rainfa~l at Nantymaen is estimated as 1807 mm, and this 
figure was used in the ratio equations for the other sites to 
derive a map of spatial variations in rainfall for the area 
(Figure 5). 
Monthly summaries of rainfall during the project period reveal 
that August 1985, December 1985 and January 1986 were the 
wettest months, with 300mm or more recorded at Trawsnant. 
February 1986 was very dry and the only month with less than 
50mm. Daily records reveal that rainfall frequency in the 
region is high, with 222 days with rain at Trawsnant in the year 
March 1985-February 1986. Fourteen daily falls exceeded 25mm 
during 1985 and six of these exceeded 50mm. Three storms were 
particularly intense, and peak hourly intensities were higher at 
the upland plateau site (Trawsnant : AWS) than at the more 
sheltered valley bottom site of Maesglas. 
As altitude and aspect vary considerably between and within 
catchments, investigations of the nature and scale of intra­
catchment variation in rainfall and the relationship between 
catchment rainfall and rainfall at the key rainfall gauges are 
essential. A start was -made on this in summer 1986 by measuring 
rainfall at nine sites within catchment LIB, and initial 
results indicate a clear relationship between rainfall and 
altitude in the catchment. This type of s~udy is being extended 
to cover autumn rainfall conditions in LI6 and similar studies 
are planned for the other catchments. 
20 
11 
202.1
 
Figure 5 Provisional map of annual rainfall for the 
period 1941-70. 
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2&6 Veget~tio~ 
Dew Aberystwyth / Forestry Commission 
2.6.1 GENERAL 
Th~ v~g~tstion of the area is dominated by gra5~ moorland and 
conifer trees. The main moorland species are Festuca spp_, 
Agrostis spp., Nardus spp. and Molinia caerulea. Sessile oak 
(Quercus petraea) was formerly a major component of the area's 
vegetation together with alder (Alnus spp.) (25), but today 
remnant oak woodland is largely confined to to the Gwenffrwd 
catchment to the west of the reservoir. Large tracts of land in 
the Tywi catchment have been afforested in the last thirty 
years, the predominant species being sitka spruce (Picea 
sitchensis) and lodgepole pine (Pinus contorta). 
_2.6.2 MOORLAND CATCHMENT SURVEYS 
Vegetation surveys commenced in 1986 on catchments CI3, CI4, CI5 
and CI6, using aerial photographs, extensive field surveyrand 
quadrant sampling. The surveys will produce vegetation maps, 
species lists for each map unit, and a total plant species list. 
2.6.3 AFFORESTED CATCHMENTS 
The following data have been compiled for each compartment 
within the forested catchments : species, planting date, 
fertiliser additions, ground treatment, thinning regime, drain 
spring and drain depth. Species and planting date information 
for each catchment is summarised in Table 4. 
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CATCJDI:D f 
SPECIES	 PLAN'tIlfG LX1 LI2 LI] LX. LX? LIS 
DAft 
P57 25.3 8.1 
'58 27.4 12.2 12.3 
PS9 15.3 
•! '61 15~.9 90.4 
..•
a.
• 
'63 31.3 
... 
'71 13.9 32.4....
• 
P77 .2.3 
PS7 8.5 
...• PSI	 3.6 4.01
••• P59	 4.4- 4.0
" etJa:
 
PS7 2.6 3.8
 
••
• P58	 7.4:11 
t~ P77	 J.S "'~ 
DOUGLAS PS8 1.9
 
rIR
 
P57 14.5
 
PS8 8.4
 
P59 1.0
 
SP/LP P 5:'3
 
Jr./tP P59 0.8
 
HA.aDWOODS	 3.7 
ROUCH GRAZING 2.6 12.4 49.9 6.8
 
UNKNOWN &7.-4
 
TOTAL (hs) 253.6 184.1 59.4 32.5 63.8 8a.7 
TABLE 4	 Species composition of afforested catchments, showing area 
planted in hectares. 
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2.7 H~drolog~ DC Swansea (Geography) 
2.7.1 INTRODUCTION 
The main aim of the hydrology studies is to provide accurate 
streamflow data for the study catchmentE j and to identify and 
explain differences in streamflow characteristics both between 
and within catchments. A gauging station has been established 
in each catchment, with four sites having weir installations 
(LI4, CI4, CI5 & CI6) and the remainder rated sections. Stage 
is recorded every 15 minutes in each study stream (see Section 
3). 
2.7.2 STAGE-DISCHARGE RELATIONSHIPS 
Accurate stage-discharge curves are required to convert stage 
into flow both at the rated section sites and at the weir sites 
(to check the theoretical formulae of the weirs). In small 
upland streams like the ones in this study, current metering is 
impracticable, so dilution gauging has been used in most cases. 
Details of the techniques adopted are reported elsehwere (26, 
27, 28, 29). 
Whilst most gauging stations have proved satisfac~ory, the sites 
at LIS and GIl have given rise to problems. At the former site 
bedload movement has resulted in changes in channel cross 
section following floods and at the latter very low flows 
sometimes prevail. Field calibration of the weirs is also 
proving important, with actual stage-discharge relationships 
sometimes differing somewhat from the theoretical (e.g. CIB). A 
major limitation of most of the curves calculated to date is the 
shortage of spot gaugings at high flows and future gauging will 
be aimed at rectifying this. 
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2.7.3 CATCHMENT HYDROLOGY 
Analyses of baseflow and storm hydrographs have been completed 
for one afforested and two moorland catchments (LI1, LIS & GI6) 
for 1985 (Table 5), and significant differences in catchment 
response have been identified. Of the three catchments~ LI6 has 
the highest pre-storm baseflow (43 1/km2/s), the high~st peak 
stormflow (484 1/km2/s) compared with 250 and 231 1/km2/s for 
LI1 and CIB respectively) and highest recession limb flows. 
Time to peak, however, is shortest in CI6 (2.4 hours compared 
3.1 hours in LIB and 3.5 hours in LI1). The ratio of peak 
stormflow to pre-storm baseflow is also significantly higher at 
GI6 (13.1) than at LIB (9.4) and LIl (10.2) and the recession 
limb decline at GIB is also rather steeper than at the other two 
catchments. 
The differences between the catchments may be related to several 
factors. Higher rainfall at LI6 could be a contributory reason 
for the higher baseflow and stormflows of that catchment, but 
the lower evapotranspiration losses (especially interception) of 
upland grassland compared,with conifer forest probably also 
accounts in part for the flow contrast between grassland LIB and 
afforested Lll. However, the principal, reason for the higher 
peak stormflow at LI6 is probably its higher slopes and relief. 
Mean channel slope is 194 m/km in LI6 compared with 68 m/km in 
Ll1 and 67 m/km in CIB. The shorter response time at eIB 
perhaps reflects the proximity of its main overland flow 
generating area to the catchment outlet. Unlike incised LIB, 
CIB has a significant area of quasi-permanently saturated valley 
bottom peat in its lower reaches, which is capable of a quick 
runoff response. 
The high ratio of peak stormflow to pre-storm baseflow in GIB is 
highly significant as regards streamwater quality including 
acidity. The higher the ratio, the greater the degree to which 
baseflow (which tends to be relatively base-rich and hence less 
acid) will be diluted by base-poor, unbuffered, storm runoff and 
hence the more susceptible the stream will be to acid runoff in 
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stormflow peaks. Many questions are therefore raised concerning 
the implications of the contrasts in streamflow characteristics 
of the catchment analysed to date. The analysis is being 
extended to the other catchments and the findings will be 
related to the water quality dynamics of the streams. 
TABLE 5" Storm hydrograph and' base flow analysis for 1985 events 
Storm and date 
A B C D E F	 MEAN OF 
STORMS 
Parameter 7/8 11/8 24/8	 16/9 6110 11'2 B,C,D 
Storm rainfall, mm 11.0 30.8 52 .. 3 8.3 e$t~ 80,,0 31..4 30.5 
Peak intensity, mm/hr 2.2 5.0 1.1 2.8 no data 8.3 5.0 
Ul	 ,. Pre-storm baseflow 58 35 22 17 20 25 24.7
 
~. Peak s tonnflow 141 309 306 136 '157 214 250
 
ft3. mm/hr 0.3 1.0 , .0 0.4 4.1 0.7 0.8" 
4. Ratio Peak to Baseflow 2.6 8.8 13.7 8.1 58.1 8.6 10.2 
5. Rec. 11mb flow: peak + 6h 83 '19 101 48 509 83 89.3 
ft It6. : + 12h 71 l~ 59 34 236 52 65.0" " 
..I. : + 24h" 60 '96 34 32 141 
-
54.0"	 " " 8. Ratio ;: 1 1.4 3.4 4.5 2.8 25.6 3.3 3.6 
9. Ratio 6: 1 1.2 2.9 2.6 a.o 11 .9 2.1 2.5 
10. ft 7: 1 1.0 2.7 1 .5 1).9 7.1 
-
2.0 
11 • Time to peak hrs 5.5 5.5 3.3 11.8 0.8 3.5
-	 I 
U6	 1 • Pre-storm baseflow 61 45 60 25 ,48 
-
43.3 
2.	 Peak stormflow 113 436 956 61 1226 
-
484 
..3. 
" 
mm/hI' 0.2 '.4 a.a 0.1 4.3 - 1.6 
4. Ratio Peak: Baseflow 1.9 9.8 15.9 2.5 25.8 
-
9.4 
5. Rec. limb flow: peak ... 6h 81 153 276 43 338 
-
151.3 
6. ft : n + 12h 11 117 166 39 87	 107.3"	 " ­7. 
" " " :
ft + 24h 63 116 , 03 40 43
-
86.3 
8. Ratio 5: t	 1.4 3.4 4.6 1.7 7.1 
-
3.2 
9. Ratio 6: 1	 1.2 2.6 2.8 1.6 1.8 i .. ,;3
-
10. Ratio 1:1 1.0 2.6 1.7 1.6 0.9 
-
2.,0 
11 • Time to Peak hI'S 2.8 5.0 3.5 0.8 ;r a. 1 I
-	 j 
er6	 1 • Pre-storm baseflow 
-
20 23 8 11 68 
/ 
17.0 
2.	 Peak stormflow 
-
209 388 96 504 400 231 
3.	 ft " mm/hr - 0.7 1.3 0.3 1.8 1 .2 0.8 II 4. Ratio Peak: Baseflow	 10.5 i6.9 11.8 47.6 5.8 13. 1
-	 1,5. Rec. 11mb flow: peak + 6h 
-
123 186 34 349 155 114.3 
!t 11	 j6. : ... 120	 76 123 21 203 105 73.3" "	 ­
ft	 ..7. ft : " + 24h - 54 77 11 106 - 49.3 I8. Ratio 5:1	 
-
6.2 8.1 4.1 32.9 2.3 6.1 
9. Ratio 6: 1	 
-
3.8 5.4 2..6 19.2 , .5 3.9 
10. Ratio 7:1 
-
2.7 3.3 2.1 10.0 
-
2.7 
11 • Time to Peak hI'S 
-
3.8 2.8 0.5 
-
2.5 2.4 
Notes: 1. All flows in 1/JQD-2 s-1 unless otherwise stated 
2.	 Catchment areas used: L!l: 2.53 km' 
LI6 = O.68km' ; CI6: 0.72 km!. 
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3. MONITORING EQUIPMENT 
This section describes the selection and installation of the 
monitoring package for the continuous stream monitoring and also 
details of the equipment at the automatic weath~r station. 
Selection of ap integrated package of compatible instrumentation 
and establishment of appropriate field servicing and calibration 
procedures necessitated detailed laboratory evaluation of a 
number of alternatives together with additional development 
work. Certain key problem areas were examined in detail. 
3.1.1 pH MEASUREMENT 
Selection of a suitable electrode system for continuous 
monitoring in low ionic strength waters was made following 
project work by the Welsh Water SW District Investigations Team 
(30). The Russel CE7NHL gel filled combination electrode was 
selected as being most suitable for use with the pHOX DPM 
monitor. All electrodes are routinely-subjected to rigorous AQC 
extended duration stabflity checks prior to deployment in the 
field instruments. 
3.1.2 AUTOMATIC SAMPLING 
An appraisal of available autosamplers concluded that none 
fulfilled all the requirements of the project. Subsequently the 
manufacturers of the most suitable machine (Rock & Taylor) were 
requested to complete a number of modifications to ensure these 
requirements were met (31). 
3.1.3 SAMPLE STABILITY TESTS 
In view of the remote~triggering of autosampling and inevitable 
delays between sampling and return of samples to the Laboratory, 
sample stability checks under a variety of storage conditions 
27
 
have been completed. This work is currently being reported and 
recommendations for optimum storage conditions and acceptable 
time limits before analysis have been formulated. 
Continuous monitoring instrumentation and automatic sampling 
equipment (Figure 6 & Plate 3) have been installed at stream 
monitoring sites in all the study catchments since summer 1985. 
Measurements of pH, conductivity and temperature are recorded 
using pHOX 100 DPM multiparameter monitors. Stream stage is 
measured using pHOX 80 PL recorders, stage being converted to 
stream flow using stage-discharge relationships established by 
dilution gauging (see Section 2.7). Rainfall intensity is 
recorded by Hydro-Systems tipping bucket rain gauges of bucket 
size 0.2 mm. Water quality, stage and raingauge bucket tip 
measurements are logg~d at 15 minute intervals using Tinylog 
data loggers (Figure 6). 
Each monitoring site is equipped with a Rock & Taylor 
multipurpose automatic sampler to enable sampling over 
significant episodes. Rainfall trigger systems have been 
developed by ITE, and trigger levels may be varied according to 
the type of episode that requires sampling. Under the current 
monitoring strategy the rainfall triggers activate autosampling 
when rainfall intensity exceeds 4mm/hour. Autosampling over 
significant episodes has been at 15 minute intervals for a 
maximum of 12 hours. However, the autosampler timers have now 
been modified to allow dual interval sampling at different 
sampling frequencies. This will allow high frequency sampling 
during the early part of episodes, when the most rapid changes 
occur, followed by a lower frequency of sampling to allow 
extension of the period of monitoring and better description of 
conditions during receding flows. 
The stage recording stilling well, stage boards, water quality 
sensors and autosampler intakes are mounted on marine plyboards 
fixed into the stream bed or banks and enclosed in security 
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cages. Power is supplied at all sites using a variety of lead 
acid batteries. At three sites, where access is most difficult, 
wind powered chargers have been installed which supply the pbwer 
requirements of those sites. Servicing of instrumentation 
involves battery changes, recalibration of electrodes, retrieval 
of data from loggers and general maintenance. These tasks are 
carried out on a fortnightly basis. 
Retrieved data are downloaded from the field data retriever to 
the Welsh Water Data General computer system and processed using 
t.he "Logays 11 au i te of programs. After pr-eLi.mi narv processing 
the data are supplied to the Institute of Hydrology for further 
evaluation. All spot samples, event samples from automatic 
samplers and soil wat~r samples (from the ITE plot studies) are 
taken for analysis to the Welsh Water SW District Laboratory at 
Llane l l I . 
3.3 A~to~~tic Weather Statio~ 
Meteorological observations are recorded at an automatic weather 
station. It is located in an enclosure on the plateau above Llyn 
Brianne at grid reference SN 807493 (Plate 4). The station is on 
loan to a University College Swansea research student from NERC 
and has been operating since February 1985. It is serviced by UC 
Swansea (Geography) staff and the data output is processed by 
the Institute of Hydrology at Wallingford. 
The weather station records rainfall quantity, air and soil 
temperature, radiation, relative humidity, evaporation, wind 
speed and wind direction. Data are stored on cassette loggers 
which are changed fortnightly. For such a remote location the 
station has proved ideal. Few servicing problems exist, 
although difficulties with battery run down and logger 
malfunction do occasionally occur during very low temperatures. 
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Plots of major determinands · oak woodland (GI1)
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4. PRE-TREATMENT CONDITIONS 
This section summarises the water quality and biological 
conditions in the	 twelve study catchments before the occurence 
of the land treatments, some of which have recently taken place. 
Only a summary of	 the longer ter~ water quality data is given, 
since this has been reported elsewhere (24). However, conditions 
in the ecologically significant storm events are considered in 
more detail, as are the biological studies. Only preliminary 
data is available from the vegetation-soil plot studies, since 
the instrumentation was not installed as early as the stream 
monitoring packages. 
4.1	 W~te~ Q~alit~ 
WWA / IH / DC Swansea (Geography) 
4.1.1 RAINFALL QUALITY 
Precipitation-weighted mean pH of deposition in the study area 
is 4.5. This is less acidic than parts of eastern Britain, where 
the equivalent figure is c. 4.2 (12, 13). However episodes as 
low as pH 3.1 have been recorded in the Camddwr, and the high 
rainfall in the area (c. 1800 mm annually) means that the amount 
of total deposited acidity is actually greater than for example 
in the low pH east Midlands (15). 
4.1.2 STREAM WATER QUALITY 
Summary stream quality data from spot sampling (pH, dissolved 
calcium and dissolved aluminium) for all the catchments are 
presented in Table 6. Both the lowest mean pH and the lowest pH 
minima occurred in the closed canopy conifer forest catchments, 
with pH 4.-2 being recorded in LI4. The open canopy ('1 juvenile") 
conifer forest catchment (LI8) had a higher mean pH than the 
other conifer sites, but the minimum pH at 4.4 was almost as low 
as at LI4. Only in the oak woodland (GI1) and unacidified 
moorland (LI6) catchments did stream pH never fall below 6.0. 
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Site and Treatment pH Diss. Calcium ) Diss. Aluminium
.--.._-- -
------­
'"""""N Min Max f1eBn SD N Min Max Mean SO N Min Max 11can , SD 
LIl Close Canopy Conifer forest Control 47 4.3 5.7 4.8 0.3 46 0.65 1.70 1.13 0.29 4r.. 0.03 0.84 0.36 0 .. 18 
ll2 Bankside Clearance and liming of Close 23 4.3 4.0 4.6 0.2 22 0.71 1.50 1.05 O.2J 22 0.27 0.68 0.47 0.10
Canopy forest 
LIJ Bankside Clearance of Close Canopy 
Forest 47 4.5 6.3 5.2 0.5 45 1.03 2.54 1.81 0.43 46 0.03 0.68 0.32 0.19 
ll4 Bomb Liming of Close Canopy forest 33 4.2 5.8 5.0 0.3 31 1.00 2.26 1.80 0.26 24 0.07 0.31 0.17 0.06 
lI6 Unacidified Moorland Control 49 6.2 7.4 6.9 0.3 40 0.98 4.60 2.75 0.09 48 0.01 0.48 0.07 0.07 
LIS Juvenile open Canopy forest 47 4.4 5.9 5.3 0.4 45 0.80 3.20 1.38 0.44 46 0.02 0.40 0.21 0.08 
GIl Acid Oak Woodland 47 6.0 6.7 6.3 0.2 45 1.13 3.77 1.75 0.44 4 ( .01 0.11 0.03 0.02 
el2 Strip liming of I\cidfied r100r land 47 4.4 6.0 5.0 0.4 46 0.47 1.3 0.76 0.20 47 0.08 0.27 0.16 0.04I 
Cl) land Improvement of Acidf.ied Hoer land 42 4.7 6.1 5.3 0.4 44 0.59 1.47 0.86 0.20 4Lt 0.04 0.38 0.12 ; 0.07 
CI4 Ploughing without: nlantir'£lofMoorland ,48 4.6 6.3 5.3 0.5 47 0.21 1.35 0.84 CJe26 47 0.02 0.20 0.12 0.03 
CIS Surface liming of Acidified Noorland 47 4.7 6.0 5.2 0,) 4l l 0.52 1.19 0.79 0.13 45 0.03 0.36 0.16 0.10 
C16 Acidified Moorland Control 48 4.7 6.6 5.6 0.5 '.5 0.61 1.43 1.06 0.22 1-l5 0.02 0.21 0.10 . 0.04 
UC4 Ploughing and planting of Moorland 45 4.0 7.0 I 6.0 O~5 42 0.58 1.05 1.16 0.30 43 0.04 0.27 0.07 0.04
_
_n____~------
- r 
Table 6 
Routine Sampling Summary Dul.a for l..lyn Briunno ShAdy Culchlllcnlu 19U5 
pi •• Dissolved Calcium and DisBolved Aluminium 
Dissolved aluminium was highest in the afforested streams, where 
even mean values were above toxic levels. The oak woodland 
stream had the lowest mean and maximum for aluminium of all the 
catchments. Time series for selected determinands in the streams 
draining oak woodland, closed canopy conifer fqrest control, and 
acid moorland control catchments are presented in Figures 7 - 9. 
Whilst the worst combinations of pH and aluminium are found in 
the conifer forest catchments, conditions in the moorland 
catchments (except LI6) are by no means satisfactory despite 
their lesser capacity for scavenging atmospheric pollutants. 
Only in the oak (Gll) and unacidified moorland (LI6) streams are 
conditions acceptable under most conditions. 
4.2	 Stor~ E~e~t Che~istL~ 
WWA 
4.2.1 MONITORING STRATEGY 
Previous work ip the Llyn Brianne area and elsewhere has 
demonstrated the importance of monitoring episodic events in 
stream water quality. Short duration flushes in response to 
storm or snow melt events may be of ecological significance and 
it is essential that detailed information on these events is 
obtained. The value of the continuous monitoring systems used in 
in this project in describing episodic events is illustrated by 
Figure 10. This example summary plot shows the pH response of 
stream LI2 to a series of summer storm events. 
The rainfall trigger system causes the autosampler to commence 
sampling when a pre-set rainfall	 intensity is exceeded. An 
example of the effectiveness of the triggering technique is 
shown by the plot of stream pH for CI3 on 26th July 1985 (Figure 
11). A number of important storm	 episodes have been identified 
from the continuous monitoring records for each catchment, and 
detailed water quality information from autosampling has also 
been obtained for most catchments over certain storm event 
periods. 
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4.2.2 SNOW MELT CONDITIONS 
An important episode arising from a "rain on snow" event has 
been examined in detail as this episode strongly suggests a 
direct effect of deposition on stream water quality. 
Following snowfalls on 30th and 31st January, sub zero daily 
mean temperatures occurred throughout the whole of February and 
winds were dominantly from the east and north east (see Section 
2.4). Snow samples collected on 27th February had pH values as 
low as 3.5 accompanied by (very high levels of ammoniacal 
nitrogen, sulphate and nitrate, particularly in the surface 
levels (Table 7). 
A sudden change in weather conditions took place on 4th March 
with 50 mm rainfall occurring during 18 hours. Rapid run-off 
over frozen ground resulted and the snow cover was flushed off. 
into the streams. The resulting drops in pH at all study sites 
were considerable and were among the greatest observed in the 
streams since continuous monitoring commenced (Table 8). Even 
streams such as LIB and GIl which are normally well buffered 
were affected. Time series plots for pH and flow for CI5 
(moorland) and LI1 (afforested) are shown in Figure 12. They 
demonstra~e a drop in pH from 5.6 to 4.7 at the moorland site 
(after a brief initial rise), and a much more significant drop 
from 6.0 to 4.0 within 11 hours at the afforested site. 
Aluminium levels were considerably elevated in those streams for 
which data are available and particularly so in the afforested 
catchments (LI1, 1.04 mgl- 1 ) . These were associated with 
elevated levels of sulphate and nitrate. 
The changes in stream chemistry appear to be attributable to a 
combination of reduced buffering capacity resulting from frozen 
soils and reduced groundwater flows, combined with rapid run-off 
of material deposited from the atmosphere during the preceeding 
period. 
36
 
• • • 
TABLE 7 
LJYn.~r1ann._~n~H!-A~BllDfll~.Qual1~%~lb~a~%LH.rgh 1905 
••am~j.s taken 21tb f~bruary 1986 
-----··------·-----rC~;;d. ,, :Ixo••• : 
Site :uacm"· : pH , H· Kt I Na+ lNUtNJCal + IMaa. IAl'· :NOt .. I Cl" Iso.I· : so-a•:•__________________________1______ ____ I _____1____l-___L----l 
I 
••1____1 1____1 ! J .• ••t , I, CI3 :Surface , 136 3.7: 200: 8 , 168 189: 86 ,, 34 ,• 23 187; 338: 174 132 :
· :Hoorland Snow ,, ,, • ,• ,• • •,f ,• ,• , , I • •• •I•
•
;Sub-Surface ,• 183 ,, 3.5: 316: 11 ,• 201 •f 210: 19 •I 52 I
I 
38 228:
• 
380: 230 1,. •
•::_______1______-L.____l __1___1__J.__-l_-l__J , t•
•
A.If.S. :Surface 206 13.66' 2261 15 I 288 J 357: 130: 83 I 44 3001 422: ·  381 28t ,• , , ,
:Hoorland Snow 
· 
f I f ,• , I J f I •• • I, • f , •
·:Sub-Surface ,• 42 :4.05: 89: 1 f 21 , 58: 14: 9 •• 8 at: 58: &1 50 ••• _______.a.- _________~__....___....__.J.-..&._____L _ __'____ J., . f , t , ,• , •
.&..-.--'
•• LI2 :Surtace ·•0 110 ,, 
'3.85~
, 
1421 10 I 119 I 17ll 891 21 · • 22 143: 225: · 111 1~1 ·• a 
:Coniter Forest: f J I I J •I
t 
• • •
• •• •, •Snow :Sub-Surtace ·, 42 :4.05: 90: • 23 I 59: 11 : 8 I 8 43: 58: 82 51 ••t I .,- ·• , ,I _~_..1. __.L_-.L« • • •f •I •I •
.&. .I · , , , , I 
I • 
·
t , ·
I 
t 
· ••IBulk Deposition UC4 ,, • ·t ; ,• , , II• II • ·• ·•• ·• 
·
f 
19th February - .th March 29 ,
,• 
1.1 : 0.1 •: 26 • ,
,
, 51 ,
• 
21: 143: 13 · · •
, 
-
·
·
• 10 ·
· 
8S: ·· 40 21 ••I , , I I ,I , · « 
.1--J. • I ..L · · •
--.-----_. 
t , · 
*1 :
, 
·, 
• 
··
, ·
, 
· ·
·
·
·,
, ·
· ··· Average Br1anne Rain 
• 
ND 4.6: 27: 12 , 136 31: 35:· 
I 
34 -
·
· 
• 11 , 148:· 54 20 ·• t I
, '--L__.L I ,• , • •I I I 
.._---------- , , , ·•,· · · , ,I I · · : *2: • • 
· , " , •,:Av~ra«~ Ebst H1dlahda Rain NO · I 4i·ll · 73:· 13-- I 80 129: 59: 21 · eo ·I 1401 · 111 151
·,• , 
t
, , - •
, , , ,
·,-----------
I 
---L, 
• 
· 
• f ·
· 
•A , • 
· J 
t
I 
: *3: , • t , I · ·••:Cairngorms Black Snow 1984 ND •I 3.0: · 1"090:· 10 •I 197 11: · 31: · 43 - ··
·
337:• 418: ·· 412 362 •II 
I ,t _ 
· 
• , , ·I ,~ I · · 1 I •I 
· · ·· · ·
· 
.1 6ton6r and Gee (198~) ND = No Data 
.2 Martin ~nd Barber (1978) Units uequ!v.l- 1 unless otherwise stated 
*3 Davies et al (1984) Snow quality results pooled from duplicates at each s1~e 
TA8LE s 
Comparison of Snow Melt Conditions in Study Streams with Normal Winter Conditions 
: Catchment: Normal Winter Conditions Snow Melt 4th March 1986: 
• 
, 1984/85 - spot sample data "Worst Case" ConditionsI 
·• 
I
, I 
t 
·:____1.~g~mQ~r_.:._t1g:rQb_lngly~l________ : Diss 
, pH , Diss.Al mgl- 1 :S04 uequivl- 1 : max Ai · max SO.
·• 
I 
•
• ,r :max: · min: X-ls..a..D..:...Lm.aLl..-x---L.S . D X-ls...J;2~mln pH: mgl- 1 -..1..Y~@.1Y.l:..!- : 
• 
I I , , 
, ·, · I 
t 
LIl 4.3:4.75: 0.2: 
I 
0.84: 0.50: 0.18:· 198:161: 21 4.0 1.04 259 :t I 
, I I I I , I t,· I I • t I I I ,
• t · I ·,I 
·,
I
I LI2 
·
t N.D: 
· 
t N.D. : I :N.D:· 
·
·
,
I 4.2 
t 
I 1.16 252 · 
t I I I I I 
t I I t I I I I
· L13 •. 5: 5.0: 0.3 0.68: 0.45: 0.19: 221:167: 44 1 4.6 0.33*: 212* 
,t I t t I I · , I I t 
I 
,
,I , t I 
I 
·
·
, 
LI4 I N.D: · II N.D. ·: , 
t 
I :N.D: 
, 
4.5 ··,, I 
I I I I 1 
·
,
I
I ,•
t 
·
I 
,I"),t , I I ·II · Lt~ t::. ", &: Q' f\ 148:114:· 18 5.4 · 0.15* ·: 102*v ..... \.01. ""I C.2 V. Ao-c.., 0.07: 0.02: I tt
.'" ,t I I t I I I t t 
· , , I I I I I
·I• Ll8 4.7: 5.1 : 
I 
0.2. 0.40: 
I 
0.30: O.OS: 119:140: 15 ,I 4.15 I t 
I I J I I I J I 
I I I t,
,• 
CI3 4.8:•
• 
5.4~ 0.1: 0.38: 0.14: 0.10 :
• 
I 
132:110:
•I I 
16 
·
,·
I
I 
4.15 II
I 
I 
I I I I I , I I t
 
t I I I I t I I t
 
•
• CI4 4.7: 5.3: 0.5: 0.20: 0.14: 0.05: 150:109:· 16 , 4.5 ·•I 0.16* : 110* 
I I I I t I t, • tI t t I t, 
, 
· · · 
· CI5 4.8:· 5.0:· 0.1 : 0.42: 0.28: 0.07: 150:115l 14 ·•t 4.75 · 0.43 : 228t, , · i i i I I I , I I• I
·
I 
·
t I I ·
,
, 
·
, 
t I I 
· CI6 
• 
4.7: 5.4: 0.4: 0.21: 0.13 : 0.04: 132:104: 23 ·
, 
4.25 t 0.17* : 109*t
 
t I t t I t
•t , t • •I •t I •I I 
I • • · 
t UC4 · +96:+67: +15: · 0.09*: 243*:+4.8:+5.9:+0.5:~O.O9:+0.071+0.02: · 4.2E> , I I I ·• , ,I t • • I • ,• ,t I t I
• • · • , · t , ,• 011 , 6.0: 6.1: 0.1: 0.,33: 0.08:· 0.10 : 188:142: 24 
·
·t 5,2 0.16 325 
,t , t , , , · 
• •
• • ___ ..&.. ..L_-
· · · · 
...r.._-~ •__.... • __-..L.__...L.____"""'--_..&..____J....•••• __-_,J,._____..._.4- ___..._._.-- ...._ • 
* Samples from incomplete set" of autosamples which may have mis5ed worst $tate 
oondltiona 
+ Inautt10ient datA to ee.le(Jt winter condltone only. 198b SUl\\mary dat.a used. 
37 
PH &- Flow_Fig.12 Snow Melt Episode: 41hMarch 1986. Streams (15 and LI1 _ 
- - - - - .......;:0;;,.; -,..
LIt 2.000 1 Lt17'.,....--------..........--------...-......,
 
J 
f
j0 
eo
4: 
'3 .~ 'l 1'1- 15 21 2.4- 0 -j' ~ q 12 I$"" I~ 21 - 24 
DJ CI5 CIS7 200 
~
~ 
""
'"
0 
0 
.:
J 
U:;r
100 
~".'-..", 
'---~I 
-3 b 9' 1~ IS l~ 2f 2.4- 0 3 b 9 12" Is IS 21 ~4-
4.3	 Ti~e-Se~ies Modelli~g 
IH Wallingford 
4.3.1 SHORT TERM MODELLING 
The main objective of the short term time series modelling is to 
derive statistical models of catchment rainfall-runoff responses 
in an attempt to gain insight into the dominant dynamics of the 
control catchments (LI1, LIB and CIB). For each of these 
catchments, models have been derived for the seven-day time 
series which permit calculation of mean residence times in each 
case. 
The CAPTAIN time series package at IH has also been applied to 
model flow-hydrogen ion response, an understanding of which will 
be particularly important in later modelling studies. The flow­
hydrogen ion relationship has been investigated for LIl (Figure 
13). The model produces a satisfactory simulation of hydrogen 
ion concentration and indicates that hydrology plays an 
extremely important role in determining catchment acidity. 
4.3.2 LONG TERM MODELLING 
A very important aspect of the Llyn Brianne project is the 
investigation of long term trends in acidification and the 
effects of land use change on stream chemistry. A recently 
developed modelling technique has been successfully applied to a 
range of catchments in Scotland, Norway, Sweden and the USA. The 
model MAGIC (Model of Acidification of Groundwater In 
Catchments) is designed to perform long term simulations of 
changes in soilwater and streamwater chemistry in response to 
changes in acid deposition.	 It is based on a variety of soil 
chemistry processes, and assumes a sequence of atmospheric 
deposition (based on emissions records or atmospheric transport 
models) and mineral weathering. Current deposition levels of 
base cations, sulphate, nitrate and chloride are also required. 
39
 
OBI£AVED SERIE. AND MODEL OUTPUT 
,.,...........
"«MM 
100 ,.. toO as. lOO 
SEQUENCE HUf18ER 
Pleura 13 Simulated and Observed Hydrogen Ion concentration ~eq!-l 
MAGIC Slmulaclon or LLYN BRIANNE CIS 
5.2 
5. 
4C.S 
1850 1860 1870 18BO 
j 
1890 
If' 
1900 1910 1920 
I 
1930 1940 1950 
I 
1960 1970 
I 
1980 
~ ~~~~A~A~R pH FI~URE 14­ Y.o,. 
n 
, ,• 
,
,
I
.
. 
'-2 
",,0
o ~ 
1	 3 4 12348 ,6 7 1 
UC+-LI---.... GI 
FIGURE IS
 
The density of brown trout at sites in the upper' Tywi In October 19~4 (shaded)
 
and October 1985; ns • no sample. 0 • no fish found. 
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The MAGIC model has so far been applied to the acidified 
moorland catchment el5. A typical soil and weathering data set 
for the catchment was used, and the resulting simulated values 
for stream pH and soil water pH over the period 1844-1984 are 
shown in Figure 14. With the exception of nitrate, the 
simulation reproduces with reasonable accuracy the observed 
chemistry. 
The simulated decline in stream water pH in CI5 over the 140 
year period was around 0.4 units. A very similar decline in lake 
water pH has been reported from diatom studies of lake sediments 
in lakes with moorland catchments in upland mid Wales (21). 
Further applications of MAGIC are being undertaken for all the 
study catchments. 
4.4	 FisheLies 
UWIST / WWA 
Aspects of the fisheries work undertaken during 1984-86 are 
divisible into population studies, feeding studies, sub-lethal 
response to episodes, and computer simulations. Field work on 
toxic response to experimental episodes is reported in Section 
4.5.3. 
4.4.1 POPULATION STUDIES 
Twelve sites were electrofished by Welsh Water staff in October 
1984 and 1985, two additional sites being surveyed during the 
latter. Only brown trout were found	 and most were of age 0+. 
The afforested streams LI!, Ll2, LI3, Ll4 and LIB did not 
support fish in either year. By contrast, densities in the 
acidic moorland streams (ell, CI3, Cl4, CI5, CIB and UC4) ranged 
from 0 to 0.91 m- 2 despite low invertebrate abundance (e.g. CI4, 
Figures 15 & 19) ; there were fewer fish at these sites in 1985 
than 1984 (Wilcoxon signed rank rank	 test, T = 0, P <0.05). 
Sites LI6 and LI7 (circumneutral moorland) held the most fish 
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(0.12 - 2.79 m- 2 ) , 9ut GI1, also circumneutral, did not SUPP0rt 
fish possibly because of its small size and steep slope. 
4.4.2 FEEDING STUDIES 
Studies of drifting invertebrates and benthic density were 
undertaken in relation to the feeding of captive salmonids 
during September 1986 in CI6, LIB and Ll1. Allochthonous inputs 
of prey were monitored concomitantly and further data were 
available from other sites in the Tywi during June and July. 
More invertebrates fell into streams through moorland 
(2408 m- 2 d- I ± 1734 S.D., n = 9) than (into streams) through 
forest (504 m- 2 d- I ± 218, n = 10), probably of importance to 
fish in the former in view of the sparse benthic fauna at these 
sites (Figure 19). 
4.4.3 RESPONSE TO EPISODE 
In conjunction with WRc, the Mobile Acid Waters Monitoring 
System (MAWMS) has been deployed and operated on LI1 and L17. 
Total aluminium, non-labile aluminium (and, hence, labile 
aluminium), pH, conductivity, temperature and the breathing 
frequency of captive salmonids are monitored continually. 
Results from an induced episode of low pH (~5.0) and elevated 
aluminium (-350 pgl-I, - 150 pgl-l labile) indicated a clear 
increase in breathing frequency by each of the four fish (Figure 
16). Further induced episodes of pH 4.2 and pH 5.2 with and 
without added aluminium have been used to assess the performance 
of the MAWMS system and a publication is in preparation. 
4.4~4 COMPUTER SIMULATIONS 
In addition to alterations in stream chemistry, forestry has 
impacts on aquatic faunas through other, more physical, pathways 
(33). For example, continuous data on temperature in LIl 
(forest) LI3 (bankside clearance) and LIB (moorland) reveal a 
clear moderating influence by the forest canopy (Figure 17). 
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Simulations using growth equations indicate that a 109 trout (on 
adequate rations) would attain a weight 15% lower in an 
afforested stream than in a moorland stream (41.91g) after one 
year, although growth in forest streams could be maintained 
during periods when the temperature in adjacent moorland became 
too low or too high (Figure 18). 
4.5 Bi.ology-	 UWIST 
Biological studies have been aimed at assessing the chronic and 
acute effects of acidity and associated factors on primary 
production and macroinvertebrates, ultimately trophic pathways 
through which !ish and other vertebrates are likely to be 
influenced (32). The development of an analytical and predictive 
model relating invertebrate assemblages to stream chemistry and 
physiography is described in Section 4.6. 
4.5.1 MACROI NVERTEBRATES 
(a)	 Preliminary investigations 
Preliminary investigations aimed at developing a suitable 
sampling strategy were undertaken between November 1984 and 
January 1985. Comparisons between cylinder (quantitative) and 
kick-samples (qualitative) indicated that, whilst the latter 
produced more taxa, they could faithfully represent invertebrate 
densities only over a wide range. It was concluded that two 
distinct programmes were required respectively for quantitative 
studies (at key sites) and qualitative studies (at all sites). 
Moreover, separate investigation of habitat distribution of 
invertebrates indicated that a qualitative survey would ideally 
involve riffle samples and margina~ samples at each site (33, 
34) . 
Cb)	 Key site quantitative studies 
In order to- compare invertebrate density before and after land 
treatments, six sites have been sampled quantitatively (5 x 
replicates per site) at monthly (spring/summer) or bimonthly 
45 
(winter) intervals between April 1985 and September 1986 (Figure 
\~). Densities have generally been highest in the ,order 
LIB> LIl > LI2 > CI3 > GIB> CI4, although seasonal alterations 
have	 influenced this pattern. Differences in taxonomic 
composition have been similar to those recorded in the 
qualitative study (below). 
Cc)	 All site qualitative studies 
Seventeen catchments were kick-sampled in April and July of 1985 
and 1986. The total numbers of taxa were lowest in streams 
draining conifer forest (mean 17.25), increasing through acidic 
moorland (23.5), juvenile forest (32), unacidic moorland (32.7) 
and deciduous woodland (44). Streams in conifer afforested 
catchments had no Ephemeroptera and fewer Tricho~tera than all 
other stre~ms, with Plecoptera forming >36% of the taxa and 80% 
of the individuals. L13, with bankside clearance, was 
particularly impoverished possibly reflecting reduced inputs of 
allochthonous material (36)(Table 9). 
Data	 from this aspect of the research have been used to 
construct a model relating'invertebrate assemblages to 
environmental factors and a publication is in preparation. 
4.5.2 PRIMARY PRODUCTION 
Preliminary investigations on primary productivity were 
undertaken in L17, LI6, L11, L13 and GI6 during June, July and 
August, 1986 in order to assess trophic pathways leading to the 
scarcity of some invertebrates under some conditions. Because 
grazing invertebrates feed on the entire epilithon, a matrix of 
algae and bacteria, both those components were investigated. 
Ca)	 Algology 
Chlorophyll ta' concentrations (an estimate of the 
photosynthetic material present) did not show consistent 
relationships with stream chemistry or land use, values being 
statistically different in the order: 
LI7 = LIl > eI6 > LIB = LI3 (Figure 20) 
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Seasonal changes In invertebrate density (mean t 1 S.O. excluding Oligochaeta
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Weekly changes in mean Chlorophyll 'a' during July 1986 in the epilithon at 
five sites in the upper Tywi. 
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The percentage composition of epiltthic algae I 
at five sites during July 1986. 
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Total counts (a). activity (b) and size (c) of b~cterta tn the epl11thoB of 
five streams tn the upper Tywi during July 1986. The values are means (with 
range). 47 
TABLE 9 
All ai~e qualitative sludies: numbere of individuals and taxa per sBmple durina April 1985.
 
Th~ percentage contributions of ephemeropteran and plecopteran taxa are shown (pool~d habitats).
 
Land Use 
-T~talN~-:-' T~t;;l-N~-:- Eph(;ID 
individuals taxa No 
~X:2l2:t~1:An.-tA.xA·_rl~~QPt 
~ No. 
t~n taxa 
~ 
LIt Mature conifer afforestation 402 ---20-- -----·0 0 8 40.0 
LI2 1716 17 0 0 8 41.0 
LI3 .. bankside cleared 60 14 0 0 5 35.7 
LI4 197 18 0 0 B 44.4 
LIB Juvenile conifer afforestation 571 32 0 0 11 34.4 
Cll Unimproved arasaland (sQidic 
st.ream) 420 28 1 3.6 6 21.4 
Cl2 167 24 0 0 7 29.2 
CI3 255 22 1 4.5 5 22.7 
Cl4 133 21 0 0 8 38.1 
CI5 511 29 1 3.4 6 20.1 
CI6 368 21 0 0 7 33.3 t 
UC4 173 21 2 9.5 5 23.8 i 
TIl 179 22 1 4.f> 6 27.3 
T12 260 23 0 0 7 30.4 
LIS .. (unacidic stream) 557 27 1 3.7 8 29.6 
Ll6 468 31 4 12.9 8 25.8 
LI7 1018 40 5 12.6 9 22.5 
Gll Oak woodland 1202 44 4. 9.1 9 20.5 
---,--._--
-­
TABLE 10 
Values for pH, total hardness and filterable aluminium 
(means + 1 S.D.) for TWINSPAN groups derived from spring data 
r-"----------- -------­
Filterable 
pH 
_Iot~l_Hargn~a~_ --Sl!Jm.!I!iU!!L_ 
Group A 5.04 (0.28) 5.90 (1.44) 0.290 (0.110), 
Group B 5.40 (0.31) 4.81 (1.01) 0.108 (0.040) 
Group C 6.70 (0.36) 13.02 (5.69) 0.051 (0.014) 
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However, there were marked differences in the quality of algae 
present, with LIS and LI7, dominated by Bacillariophyceae 
(Diatoms), Lll by Cyanophyceae, and LI3 and CIB by Chlorophyceae 
(Figure 21). Such a pattern is consistent with the enhanced 
abundance in LI6 and LI7 of Ephemeroptera, which utilize diatoms 
as a food source. 
(b)	 Microbiology 
Strong differences in bacterial ecology were apparent between 
catchments. The acidic streams L11, L13 and eI6 held 
significantly greater total numbers of bacteria than LI7 and 
LIB, Ll1 having a particularly high count (Figure 22a). 
However, bacteria in the circumneutral streams (LIB, LI7) were 
significantly larger and more active than in LI3 and eIB 
(Figures 22b & 22c), the enhanced activity in LIl (Figure 22b) 
prbbaoly reflected bacterial action in response to algal 
productivity (see Figure 20). It is likely that:the volume and 
activity of bacterial cells in LIB and LI7 would be beneficial 
to invertebrates such as ephemeropteran nymphs, which graze the 
epilithon and which dominate the fauna of these streams~ 
Further details of these studies are reported elsewhere (35, 36) 
4.5.3 EXPERIMENTAL EPISODES OF ACIDITY 
Two complete studies of biological responses to experimental 
episodes of acidity and elevated aluminium have now been 
undertaken in LI7 (3-11 September 1985 ; 4-8 August 1986). 
In the first, the stream was dosed for 24 hours at two points to 
create simultaneous episodes of low pH (4.28 ± 0.18 S.D.), and 
low pH plus elevated aluminium (5.02 ± 0.10; 0.347 mg Al 1- 1 ± 
0.047) (Figure 23). Gammarus pulex and the ephemeropterans 
Ecdyonurus venosus and Baetis rhodani showed up to 25% mortality 
in both treatment zones and further deaths occurred after the 
episode. Brown trout (Salmo trutta) and salmon (S.salar) showed 
7-10% mortality in the acid zone, but 50-87% in the aluminium 
zope	 where salmon had a significantly shorter LT 50 than trout 
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(Figure 24). Only B.rhodani in the aluminium zone showed a 
significant reduction in density during the episode and drift, 
which increased by 8.4x in this zone during the treatment 
(Figure 25), could account for most of the losses. 
In 198e~ th~ ~xp~riment was repeated with an additional 
downstream zone which received citric acid as a complexing 
agent; further investigations were undertaken on fish 
physiology, algae and bacteria. Data are still being processed, 
but citric acid clearly ameliorated the toxic response of fish. 
Overall, these results were consistent with the scarcity of fish 
and some invertebrates from acidic streams and reveal clearly 
the detrimental effects of aluminium concentrations similar to 
those generated in afforested streams (37). 
4.6 I~~erteb~ate Modelli~g 
UWIST 
4.6.1 MODELLING INVERTEBRATE ASSEMBLAGES FROM STREAM CHEMISTRY 
Recent studies in the U.K. have indicated that the taxonomic 
composition of macroinvertebrate assemblages shows a 
consistently high correlation with stream chemistry (38, 39), a 
feature well documented in relation to surface-water acidity 
(16). Multivariate analysis of such relationships have now 
advanced to such an extent that modelling is possible, and Llyn 
Brianne streams provide a suitable data base from which to 
predict invertebrate changes in conjunction with chemical models 
of catchment response to acid deposition (see Section 4.3) (24). 
Macroinvertebrate data were analysed in six separate sets using 
riffle samples only (R), margins only (M) and combined habitats 
(R.M) in spring (Sp) and summer (Su). Sites were classified and 
ordinated using the FORTRAN procedures TWINSPAN and DECORANA. 
Relationships between the DECORANA axes and environmental 
factors were assessed by correlation and regression, whilst 
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TWINSPAN site groupings were treated by Multiple Discriminant 
Analysis (MDA) using key variables defined after Principal 
Components Analysis. MDA generates linear combination of 
variables which discriminate most strongly between site groups, 
and it can be used to subsequently predict group membership from 
environmental data alone. 
4.6.2 RESULTS 
Each TWINSPAN produced three site-groups whose membership was 
highly consistent between data sets (Figure 26). The 
circumneutral sites (LIB, 7, Gll, Group C) were always separated 
from the acidic moorland -sites (CIl-6, LI5, UC4, Group B) which 
in turn were distinct from the afforested streams (LIl-4, LI8, 
Group A) in combination with TI1 and TI2. Although moorland 
sites, the latter pair rise in forest and have elevated 
concentrations of aluminium. Group C had the most diverse 
fauna, characterised by six species of Ephemeroptera, whilst 
Group A was characterised by Plecoptera. 
The best single correlate with DECORANA Axis 1 was pH (Figure 
27) but the most appropriate factors for MDA were total 
hardness, filterable aluminium concentration and catchment area 
(Table 10). These variables enabled 78-100% success in correctly 
predicting TWINSPAN site group and they provided clear 
separation of the groups using functions related respectively to 
aluminium concentration and hardness (Figure 28). 
4.6.3 RUNNING THE MODEL AN APPLICATION TO CI5 
Using data produced from the MAGIC model (24 ; see also Section 
4.3), the position of CI5 on discriminant functions 1 and 2 was, 
reconstructed for the year 1844. MAGIC indicated a progressive 
increase in aluminium concentration in CI5 between 1844 and the 
present, and hence a convergence towards the sites in TWINSPAN 
Group A (Figure 28). Further simulations of this type are now 
required for other sites. 
The above results show clear distinctions between 
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FIGURE 2..4 
Cumulative percentage mortalities shown by fish and invertebrates in the acid 
( • ) and aluminium (. ) zones of an experimental acid pulse (D = pre­
treatment with 0.05 mg Ai 1-1) . 
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53 
macroinvertebrate assemblages in streams draining catchments of 
different land use. The patterns can be clearly related to 
stream chemistry, and hence modelling procedures are available 
for predicting and reconstructing the invertebrate fauna of' 
streams. 
4.7 The Che~ist~~ of Th~o~ghfall~ 
Ste~fl~~ ~~d Soil W~te~s 
ITE 
4.7.1 INTRODUCTION 
These investigations are plot based rather than catchment based, 
the plots being sited to provide samples from selected 
vegetation- soil-bedrock units. The initial reconnaissance 
survey identified some 32 different vegetation-sail-bedrock 
combinations. The detailed studies are being concentrated on 
those units which 
occupy large areas in the experimental catchments 
- will be the source of throughflow inputs to streams 
- will be affected by one of the experimental land 
treatments 
Table 11 gives details of twelve of the instrumented plots . A 
further two equipment sets have recently been installed in 
catchments that received treatment in 1986 : the improved 
pasture (CI3) and the forestry ploughing (CI4). The 14 sets of 
equipment installed to date comprise over 200 separate pieces of 
equipment. Sampling is at two weekly intervals. Samples from 
each stratum within each sample set are bulked prior to analysis 
at the WWA laboratories at Llanelli. 
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ITE Site Vegetation Solls Samples Treatment 
Number 
C 31 Festuea ­ Brown o Horizon waters Pasture 
Agrostis podzolic A " improvement 
grassland soils B tt " 
C If 
C 51 Molinia Stagnopodzol Molinia throughfall Surface 
o 1 Horizon waters Liming 
02" " 
'E " " 
Bs 
C 
C 52 Festuca ­ Brown o Horizon waters Surface 
Agrostis podzolic A Liming 
grassland soil B " 
C 
C 53 Molinia Peat o 1 Horizon waters Surface 
(valley" o 2 u Liming 
bottom) o 3 
C 61 Molinia Stagnopodzol Molinia throughfall Acid 
o 1 Horizon waters moorland 
o 2 'It control 
E " 
Bs n 
C " 
C 62 Molinia Peat o 1 Horizon waters Acid 
(valley o 2 moorland 
bottom) o 3 control 
L 21 Sitka spruce Stagnopodzol Spruce throughfall Older 
stemflow coniferous 
Plough furrow waters plantation 
o 1 Horizon waters 
o 2 tr 
E 
Bs 
C tt 
L 22 Larch Brown L Horizon waters Bankside 
podzolic A clearance + 
solls B lime 
C " " 
L 41 Sitka spru~e Brown Spruce throughfall Forest 
podzolic " stemflow liming 
soils L Horizon waters 
A " 
B 't 
C " 
L 42 Molinia Peat (interfluve) 
o 1 
o 2 
Horizon waters 
It " 
Forest 
Liming 
o 3 " 
L 81 Sitka 
spruce 
Brown 
podzolic 
soils L 
Spruce throughfall 
" stemflow 
Horizon waters 
Younger 
coniferous 
plantation 
o 
E 
Bs 
C " 
G 11 Oak Brown 
podzolic 
Oak throughfall 
stemflow 
Oak 
woodland 
soils Bracken throughfall 
Horizon watersA 
B 
c 
Tablell.Sites instrumented by lTE and samples being produced. 
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4.7.2 RESULTS 
Only a limited run of data is available at present but some 
interesting trends are already apparent. In the non-afforested 
moorland areas the waters from the brown podzolic soils are 
significantly less acid and contain lower concentrations of 
.soluble aluminium than those from the stagnopodzol soils; in 
both soil types there is a decrease in acidity and an increase 
in soluble aluminium with depth~ Thus in the brown podzolic 
soils pH ranges from 4.4 at the surface to 4.8 at depth while 
the aluminium concentrations range from about 0.2 to 0.4 mg 1-1. 
In the stagnopodzols, the pH varies with depth from c. 3.8 to 
about 4.4 and aluminium from 0.2 to 1.0 mg 1- 1 . There seems 
surprisingly little difference in calcium and magnesium levels 
between the two soils, or with depth within either soil; 
concentrations range between 0.4 and 0.6 mg 1-1. The 
stagnopodzol waters contain considerably higher levels of humic 
acids and dissolved organic carbon than the brown podzolic 
soils, but sulphate (2 - 4 m~ 1- 1 ) and chloride (3 - 6 mg 1-1 ) 
concentrations are similar. 
There seems to be an interesting and important difference 
between the waters from the peats on the ridges and interfluves 
and those on valley bottom benches. The ridge peats are more 
acid (pH 3.$ -4.0) than the bench peats (pH 4.5 - 5.0); both 
contain 0.2 mgl- 1 aluminium or less. There are indications that 
the bench peats may act as a sink for inorganic nitrogen and 
sulphur. They may, however, be a source of soluble iron. 
The waters from equivalent soil types in the afforested sites 
seem slightly, but significantly, more acid and contain more 
soluble aluminium than those at moorland sites. For example, 
the pH of waters from the afforested brown podzolic soils ranges 
from around 4.2 at the surface to about 4.6 at depth; the water 
draining from the forest floor material is very acid with a pH 
of c. 3.8. The aluminium concentrations of the same soils range 
from about 0.5 - 0.7 mg 1- 1 with increasing depth. Sulphate and 
chloride concentrations are also higher than in the 
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moorland/grassl~nd brown podzolic soils ; sulphate 5 - 7 mg 1-1 
and chloride 6 - 10 mg 1-1. There are also indications of a 
species effect within the afforested area, with greater acidity 
and aluminium concentrations in the soil waters beneath larch by 
comparison with spruce. In the stagnopodzols in the older 
plantations, soluble aluminium concentrations of almost 2.0 mg 
1-1 have been detected. Aluminium concentrations in the waters 
from the juvenile forest stagnopodzols are comparable to those 
in similar soils in the moorland. 
Several mechanisms may 'be involved in producing the detected 
differences between the waters from the moorland and forest 
soils. Increased evapotranspiration will result in a 
concentration effect; increased aerosol capture and occult 
deposition on the forest canopy will produce higher total ionic 
concentrations; the trees will be taking up b~se cations while 
outputting hydrogen ions; and an acid forest floor has 
developed. Evaluating the importance of these various processes 
will be a crucial part of the study. 
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5. TREATMENT PROGRAMME	 WWA 
5.1 Gen.er.a.l 
Three of the land treatments listed above in Section 1.3.3 were 
carried out in summer 1986 and are discussed below. The 
artificially induced episode of acidity is reported above in 
Section 4.5.3. The treatments which will be undertaken in summer 
1987 are ; 
- Liming o~ moorland (CI5)
 
- Intensive liming of moorland strip along banksides (CI2)
 
- Aerial bombardment of conifer forest with lime (L14)
 
- Ploughing moorland and planting with conifers (UC4).
 
5.2 
Two methods of land improvement are practised in upland Wales 
full cultivation involving ploughing and reseeding, and the 
11direct reseed or "Pwllpeiran methocl. Following consultations 
with	 the landowner the full cultivation method was adopted. A 
segment of catchment CI3 of about 20 hectares was treated, 
comprising about 25 % of the total catchment area. It was 
considered that this proportion would yield streamwater data 
more	 representative of upI and areas tha.n if the entire ca't.chmerrt 
were	 cuitivatecl. 
~ 
The treatment commenced on 15th May 1986 and was completed by 
25th	 June. The treatment was as f~llows : 
- Ploughing of area followed by harrowing. 
- Application of agricultural magnesium limestone at a rate 
of approximately 10 tonnes per hectare, followed by 
harrowing (Plate 5). 
- Application of 15 tonnes of 8--20-16 fertiliser, and 7.5 
tonnes of triple superphosphate. 
- Seeding with Lambhill seed mixture at 42 kg per hectare. 
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Preliminary results indicate that there has been a slight 
improvement in water quality following treatment, with pH being 
slightly higher and aluminium concentrations being slightly 
lower in summer/autumn 1986 than in the previous year. Full 
analysis of the results will be carried out once winter storm 
event data are available. 
5.3 B~~kside clea~a~ce ~~d li~i~g 
(LI2) 
Clearance of conifers from the stream bankside was carried out 
by the Forestry Commission (south bank) and contractors working 
for the Economic Forestry Group. The minimum width cleared was 
15 m on the major stream and 10 m on each of the principal 
tributaries. A large section of the bankside was, however, 
cleared back as far as 50 m on the south bank at the request of 
the Forestry Commissioh. This part of the work was done between 
May and August 1986. 
Because of the nature of the terrain and the presence of some 
tree roots and brash from the forest clearance, helicopter 
application of magnesium limestone was chosen in preference to 
terrestrial methods. Sixty tonnes of the material was spread 
between 18th and 23rd September 1986, at a rate of approximately 
10 tonnes per hectare on a 30 m wide strip on the main stream 
and a 20 m wide strip on the tributaries (Plates 7 & 8). 
rhe initial response of the stream was rapid. Whi~st pH before 
treatment had never exceeded 4.8, this rose to 6.0 during liming 
operations and remained at that level for some two weeks. 
However during the first storm events after treatment, pH fell 
to 4.5 and aluminium lev~ls were simila! to pre-treatment 
storms. It is considered that it may take some months for the 
limestone to be incorporated into the soils and exert maximum 
effects. A further period of monitoring is, therefore, required 
before firm conclusions on the value of this treatment can be 
reached. 
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5.4 P10l...:l.ghi:ng -vvithot...:lt J;>la.:nt1.:ng (CI4) 
Ploughing of the peat soils in part of this, catchment commenc.ed 
on 23rd September 1986 (Plate 9). Ploughing operations were 
hampered by the adverse autumn weather conditions. By the end of 
1986 some 8 hectares had been ploughed, and further work is 
planned for 1987. 
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6. PROCESS STUDIES 
6.1	 Al~~i~i~~ S~eci~tio~ 
DC Swansea (Chemical Engineering) / WWA 
6.1.1 INTRODUCTION 
The pH of acid streams from the Llyn Brianne catchment varies 
within the range 4.2 to 5.8. At these pH values dissolved 
aluminium can be found in freshwaters in the form of organic 
complexes with humic acids, and inorganic monomeric aluminium 
forms, such as fluoride, sulphate and mononuclear hydroxo 
complexes, as well as free ionic aluminium. Toxicology studies 
made by several investigators show that the mononuclear hydroxo 
complexes of aluminium and the free ionic £orm are the most 
toxic forms of dissolved aluminium. Other forms of aluminium in 
solution are filterable particulates and colloids, and possibly, 
some polymeric aluminium forms. However the presence of the 
latter in acid streams, as well as their toxicology, has not 
been ascertained yet. 
6.1.2 SPECIATION PROCEDURE 
The concentrati0n of toxic aluminium in freshwater samples is 
determined by measuring first the total conce~tration of 
inorganic monomeric aluminium (Ali) by Driscoll's method. The 
concentration of toxic aluminium forms is then calculated by a 
computational chemical equilibrium 'model. An important aspect 
of the work done so far has been the evaluation of the accuracy 
of the currently used Driscoll method to measure Ali, and it has 
been found that this method tends to overestimate Ali when the 
particulate content is high and polymeric forms are present. 
Modifications to the method have now been made. 
The systematic measurement of Ali in freshwater samples has 
confirmed	 the findings of earlier investigations (9) based on 
values for filterable aluminium that for similar types of ~oils 
the water	 quality of streams draining afforested areas is 
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considerably worse than in moorland sites. It was also found 
that high concentrations of Ali occurred during high flow events 
resulting from heavy rainfall, in association with elevated 
values for suspened solids and humic acids. In dry periods the 
concentration of Ali was much lower. 
Fluoride concentrations have been measured with higher accuracy 
than in the past, and it has been found that for the streams 
under study they are sufficiently small such that only a very 
small proportion of the measured Ali is complexed by fluoride. 
Similarly, the concentration of humic acids in the most acid 
streams is low at baseline flow conditions and increases 
slightly during high flow events, but even then they account for 
a very limited fraction of the dissolved aluminium. On the 
other hand, the large quantities of particulate and colloidal 
matter found in suspension during high flows can effectively 
regulate the amount of Ali ,in solution. 
X-ray diffraction and transmission electron microscopy coupled 
with energy dispersive X-ray analysis (EDAX) of suspended solids 
separated from freshwater samples showed that the predominant 
solids are mica ~ype minerals and quartz. These minerals have 
the ability to undergo protonation reactions, ion-exchange 
reactions and adsorb polyelectrolytes such as humic acids. 
These phenomena are suspected to be responsibl~ for the delay in 
peak concentrations of various species in solution during high 
flows. This has been corroborated by the detection of 
significant quantities of exchangeable aluminium on the 
suspended solids, and by measuring the change in electrokinetic 
properties (particle micro-electrophoresis) of these solids 
before and after organic matter has been removed from them. 
6.1.3 RAPID METHOD FOR DETERMINING ALUMINIUM FRACTIONS 
The Driscoll method outlined above has been used widely in 
previous studies elsewhere, but in few instances has the 
procedure been adopted for routine use on large numbers of 
samples. Consequently, the development of a rapid and 
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reproducable method for conditioning and preparing cation 
exchange columns was undertaken as a necessity. 
Amongst four procedures examined, (1 = unconditioned columns, 11 
= columns conditions by prolonged eluation, III = batch 
conditioned, IV batch conditioned in addition to acid recharge), 
procedure IV permitted rapid preparation and gave precision 
equal to methods which were more time consuming (Table 12). 
Procedures 1 - III also tended to cause a change in sample pH 
with consequences for the species of aluminium present; for 
example procedure I reduced the pH of all samples to 
3.2 - 4.0, causing a decrease in measured organic aluminium and 
a corresponding increase in Ali (Figure 29a). Procedure IV has 
now been adopted in a modified Driscoll separation of fractions 
which involves: 
(i ) Sample filtration (0.45 urn) 
(ii) Cation exchange 
(iii) Total and organic fractions determined by inductively 
couple~ plasma after acidification. 
6.1.4 INTER-LABORATORY CALIBRATION 
A programme of inter-laQoratory ~omparison between DC Swansea 
and WWA South Western District ,is proceeding monthly after 
initiation on 15 August 1986. At both laboratories, samples 
analysed using the original Driscoll (1980) method are being 
compared with the modified procedure (see Section 6.1.3) before 
and after filtration at 0.45 urn (Figure 30). The modification 
has so far given the higher values both for total and organic 
aluminium, probably because polymerised aluminium is detected by 
I.C. Plasma but not by catechol violet (used in the Driscoll 
method). Filtration also causes a reduction in values for total 
and organic aluminium, and the consequences for the measurement 
of labile concentrations are being investigated further. 
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TABLE 12 
Aluminium results for samples of water from LI!, fractionated using 
columns conditoned by procedures 1, 11, III and IV 
__. ~_. 1.______ _ 11._____ . 111 . __. l.Y _ 
Influent 4.79 4.79 4.79 4.79 
pH 
_. Effluent _~..!..~~=~.~Q.'I ~.:..l1..:.Q.:..Q~_ _.R...t.~i.:,Q.:...Qi! 1..:..~~::.i.:..~2__ 
1.3 iO.04pH difference -1.4 to -1.7 0.38 to 0.79 0.55 to to - 0.33 
Influent 50 50 50 50 
Conductivity 
uS cm-'} 
___, _Effluent __150_:_1.§.Q 1I_,:,_QiJ.__.. . 1.fi_=~~_. _.__.41!_=-l11_ 
Non-labile 
Aluminium (Alo) 
ug Al 1-1 27.7 (~3.9) 43.3 (3.2) 56.1 (9.1) 43.6 (3.4) 
(mean ~t S. D. 
Coe f f icient of 14.1 7.4 16.2 7.8 
vaI'iati!~!L- _ 
TABLE 13 
Analysis of variance between catchments in pH and aluminium 
concentrati6ns (after log transformation), Based on weekly 
spot samples between July and August 1986 
Variable 
.d..wf..... If,ratio f 
pH 13/88 23.95 <0.001 
Tot-al aluminium 13/88 19.04 <0.001 
Filterable alumi.nium 13/88 20.77 <0.001 
'Labile' aluminium 13/86 22.44 <0.001 
'Organic' aluminium 13/86 6.1 9 <0.001 
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FIGURE 31
 
Differences in pH and aluminium concentrations bwtween catchments. Plotted 
values are mean ~ 95% C.l .. , with aluminium in mgl- 1• Based on data from weekly
samples (July - October 1986). (See Table'2 for ANOVARS). 
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1'ABLI~ 14 
Correlation coefficientg between aluminium fractions and pH 
for each stream between July and October 1986 (n : 6-9) 
Catchment 
Ll 
L2 
L3 
L4 
L8 
Cl
 
C3
 
C4 
CS 
CB 
UC4 
G1 
T o 
J.JU 
L7 
Labile y,filterable 
0.99 
0.98 
0.99 
0.99 
0.92 
0.07 
0.98 
0.67 
0.97 
0.74 
0.73 
-0.16 
-0.82 
-0.62 
.I&bile y,pH 
-0.95 
-0.95 
-0.86 
-0.86 
-0.73 
0.39
 
-0.85
 
-0.37
 
-0.89
 
-0.93
 
-0.48
 
-0.72
 
0.51 
0.61 
Labile y,Toi;;;l 
0.98 
0.98 
0.98 
0.92 
0.99 
0.29 
0.98 
0.20 
0.48 
0.28 
0.56
 
-0.71
 
-0.96
 
0.83 
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6.1.5 APPLICATION TO FIELD DATA 
Contemporaneous data on total, filterable, organic and labile 
aluminium were available only between August and October 1986 
and only from weekly spot samples; no data were available from 
episodes. 
Total, "filterable' and tlabile' aluminium (and pH) all showed 
highly significant variation between catchments (Table 13) : pH 
was lowest and aluminium highest in streams draining forest 
(Figure 31). Organic a Lumi n.i um concentrations, al tihough varying 
significantly between catchments, could not be related 
consistently to land use (Table 13 ; Figure 30). 
Based on pooled data, concentrations of total, filterable and 
labile aluminium all increased with decreasing pH below 5.2 
(Figure 31). Moreover, filterable and labile concentrations 
were hi,ghly significantly correlated with an intercept near to 0 
and slope almost 1. 
Within streams from afforested catchments, correlation 
coefficients between labile and filterable aluminium exceeded 
0.9 in each case (Table 14). This pattern was not consistent 
between all moorland streams, probably because total, filterable 
and tlabile' aluminium concentrations in the latter seldom 
exceeded 0.1 mgl- 1 , and pH exceeded 5.0, during the study period 
(see· Figure 32). 
Further data are now required to assess whether the strong 
interrelationships between pH and aluminium fractions remain 
apparent during episodic changes. 
6.1iB FISH TOXIC RESPONSE 
Laboratory studies of fish toxic response in acid waters have 
been described separately (41). Previous field data are 
available (9), from which it was found that a highly significant 
relationship existed be~ween concentrations of filterable 
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FIGURE 32. 
Concentrations of (a) Filterable and (b) 'labile' aluminium plotted against 
pH, (c) concentrations of filterable against (x) 'labile' aluminium (y) for 
streams in the upper Tywi between July and October 1986 (11 streams draining
forest, o streams draining acid moorland streams draining circumneutral 
mogrland). Regression for le) (based on pooled data) : y = -0.029 + 0.93 x 
.t' !t 0.99 .. f ',}&' 45.7, p <0.001. 
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FIGURE 33 
Relationships between the survival of caged fish and concentrations of filterable 
(() and labile (4t) aluminium, the latter ca~cul~ted using re1ression derived 
In figure • Equations: y = 22.2 - 36.2x, r£ : 0.95. F 1/6 : "6.5. 
P <0.001 (filterable A1~ broken line). y =21.1 - 3B.9x. r2 = 0.96. F1/6 : 
113.8, P <0.001 (Labi le A1. solid line). Source delta: Stoner et al. 1984 {Ref. 9} • 
aluminium and the mortality of caged fish in the upper Tywi. It 
now seems likely, on the basis of Figure 32c, that the 
predominant forms of aluminium present in the latter study (at 
pH <5.2 and >0.1 mg Al,l-l) were labile. Clearly, both 
(filterable' and ~labile' aluminium concentrations give a good 
fit to the data (Figure 33). 
6.2 Orga~ic Acids UCNW Bangor 
6.2.1 INTRODUCTION 
The aim of this investigation (carried out in 1984-85) was to 
determine the contribution that organic acids make to total 
acidity in soil water and stream water in mature sitka spruce 
forest. The studies were not undertaken in the Llyn Brianne 
area, but in a comparable location in the Beddgelert Forest in 
North Wales. Full details of analytical procedures and results 
are reported separately (43). 
Water samples were collected over a three week period in 
December 1984. The samples consisted of throughfall and 
stemflow from the spruce, and soil water from four horizons in 
the underlying ferric stagnopodzol. Analyses were carried out 
for the following: pH; total organic carbon; aluminium; 
silicon; organic acids; and total, strong and weak acidity. 
A titration procedure was adopted to distinguish between strong 
and weak acidity. Strong acidity is derived from precipitation­
derived sulphate and nitrate anions, whereas weak acidity is 
attributable either to organic acids or to weak inorganic acids 
based on aluminium, silicon and ammonium. Calculated Organic 
Acidity was calculated as : Weak Acidity minus Weak Inorganic 
Acidity. 
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6.2.2 THROUGHFALL, STEMFLOW & SOIL WATER 
Calculated Organic Acidity comprised 60% of the Total Acidity in 
the throughrall. The origin of this acidity was presumably the 
spruce needles, there being a considerable quantity collected in 
the funnels used for collection. There was a considerable drop 
in Calculated Organic Acidity as water passed from the El to the 
B horizon. Several mechanisms could account for this, but a 
more detailed understanding was beyond the scale of this study. 
The tree canopy, tree stems and upper soil horizons were not 
sources of organic acidity whereas the lower mineral horizons 
tended to remove organic acidity. In all cases, weak acidity 
was greater than strong acidity (which is produced mainly by 
inorganic ions). As water percolated down the profile, weak 
acidity was also increased by the presence of silicon and 
aluminium. 
The general conclusion is that organic acids were a major 
contributory factor to acidity in the upper soil horizons. In 
water from the lower horizons, silicon and aluminium made a more 
significant contribution to weak acidity. 
6.2.3 STREAM WATER 
The water entering local streams could be classified into three 
types:­
1.	 Water low in Si and Al and containing relatively little 
total acidity, most of which is derived from organic acids 
and strong acids. This is characteristic of the 
throughfall and stemflow samples. 
2..	 Water high in acidity containing Si, Al and organic acids 
as sources of weak acidity with the organic acids 
contributing 50% of the total acidity i.e. 0 and El horizon 
throughflows. 
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3.	 Water high in Si and AI, both of which account for over 
70% of the weak acidity. Organic acids contribute less 
than 20% to the total acidity. 
Thus the input of organic acidity into local streams will depend 
on the source of the water. If it was mainly runoff which would 
include some throughflow soil water then there would be a 
significant input of organic acidity. If however, groundwater 
was the main source of streamwater, then soil-derived organic 
acids would contribute very little to the total acidity. 
3	 Dew Aberystwyth 
This sub-project on the acidity of ephemeral soil pipe networks 
commenced in July 1986. Previous research has accurately mapped 
the extent of piping networks in the Maesnant catchments on 
Plynlimon, to the north of the present study area. The main 
part of the research programme will continue here, although CI5 
I 
at Llyn Brianne will also be instrumented. Autosamplers are 
being used to collect pipe stormflow at up to 10 sites in 
conjunction with simple V-notch weir plates. 
The project aims to/model the hydrochemical response of the soil 
pipe networks. Input parameters are complex, including 
precipitation quality and quantity, vegetation status and 
catchment wetness. Basic hypotheses saw soil pipes as 
accelerating throughflow in narrow soil zones thereby bypassing 
most of the soil matrix and reducing the buffering capacity of 
the soil. As 50% of stream stormflow at Maesnant may originate 
as pipeflow a knowledge of the networks hydrochemical budget is 
critical to modelling stream stormflow chemistry. 
Initial results suggest that pipe waters are relatively more 
acidic compared to the stream, often by 1.0 pH unit. Variation 
temporally and spatially over the network is large making 
generalisation difficult. However, pipe outflow waters tend to 
be acidic, low in base cations and high in aluminium loading 
72 
(0.3 - 0.4 ppm). Ephemeral pipes are the most acid and have 
highest conductivity usually 60-70 uS. Flushing of solutes 
occurs at the start of the hydrograph and pH falls, occasionally 
by up to 1 unit, as conductivity rises. It seems likely that 
piped basins will be more prone to acidified deposition and are 
likely to deliver a body of acidic waters very rapidly to the 
start of the stream storm hydrograph. Piping therefore may be 
of great relevance to any acid waters modelling studies. 
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7. SUMMARY OF INTERIM FINDINGS 
7.1 De]?ositiorl. 
*	 Data from this study confirms the results of previous 
investigations, that rainfall in mid Wales is on average at 
least five times more acidic than unpolluted rain, although 
among the least acid~c in Europe. Rainfall in 1986 had a 
volume-weighted mean pH of 4.6, and individual events with 
pH 3.9 were recorded. 
*	 Snow samples collected in February 1986 after a prolonged 
period of easterly winds had pH values as low as 3.5. A 
concurrent survey showed that atmospheric oxides of nitrogen 
in the area were considerably elevated reaching 15 parts per 
thousand, or some 4-5 times previous levels. However, the 
snow contained about equal concentrations of both nitrate 
and sulphate, suggesting that deposition of sulphur 
compounds may have been as high as that of nitrogen 
compounds. 
*	 A "wet-only" precipitation co I Lec't.or was deployed in summer 
1986. Initial results demonstrate that "bulk" and "wet­
only" pH were within 0.1 units of each other on just under 
half of the recorded occasions. "Bu l k" pH was, however, 
between 0.2 and 1.5 units more acid than /lwet only" pH on a 
similar number of occasions. This implies a significant 
contribution to "buLk " deposition from the dry" and11 
"oocuLt components under certain conditions. FurtherI1 
attention will therefore have to be given to quantifying the 
11 occult 11 and It dry " deposition of auLphat.e and oxides of 
nitrogen. 
7.2 
*	 Throughfall is more acid than precipitation under 25 year 
old sitka spruce in late winter and early spring, but less 
acid at other times of the year. It is likely that the 
discrepancy is due to the incidence of easterly winds during 
late winter and early spring. 
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*	 Sulphate and chloride concentrations are elevated beneath 
conifers. This almost certainly results from a combination 
of atmospheric scavenging " by conifer needles, and the11 
concentration effect arising from increased
 
evapotranspiration by conifers.
 
*	 Throughfall beneath oak is generally less acid than 
precipitation. Further neutralisation takes place in the 
ground flora (of which there is none under conifers). 
Concentrations of sulphate and chloride are higher than 
precipitation, but there are also sufficient base cations 
for neutralisation to occur. 
7.3 Soil Wa.ter 
*	 For any given soil type, concentrations of aluminium in soil 
water are between two and three times higher under 2.5 year 
old conifers than under moorland. Sulphate and chloride 
concentrations are also el~vatedJ being around twice as high 
as under moorland. 
*	 Al.umi.n i um appears to be derived from ion exchange sites 
within soils. Mobilisation of aluminium is driven by the 
elevated sulphate and chloride concentrations, and possibly 
by organic anions. 
*	 For a given soil type, aluminium concentrations under 12 
year old sitka spruce are similar to those under moorland. 
This suggests that there is an "age effect", with scavenging 
and increased evapotranspiration only becoming important at 
the closed-canopy phase of forest development. This 
requires testing on a fuller age sequence. 
*	 For a given soil type, higher concentrations of aluminium 
are found beneath larch than beneath spruce (of similar 
ages). Throughfall beneath larch is co~sistently more acid 
than throughfall beneath spruce of a similar age on the same 
soils. The flux of sulphate is also greater beneath larch 
than	 beneath spruce. 
75 
7.4 Strea~ che~istr~ 
*	 The overall mean pH of>the moorland streams of the Camddwr 
catchment is 5.32, compared with 4.75 from the untreated 
mature conifer catchments. Sulphate levels in the moorland 
streams are on average 93.25 u Equiv.l- 1 , and 160 u Equiv.l­
1 in the afforested ones. The sulphate levels are slightly 
greater than those in bulk precipitation in the moorland 
streams, but around twice the precipitation levels in the 
mature forest streams. 
*	 25% of stream samples have pH <5.0 in the moorland Camddwr 
catchments CI3 and CI4, whereas 25% have pH <4.6 in the 
mature afforested catchments. Mean aluminium levels in the 
moorland and forest streams are respectively 0.13 mgl- 1 and 
0.40 mgl- 1 . The moderately high levels in, the moorland. 
streams are related to acidity and to the poor buffering 
capacity of the catchment soils. 
*	 The stream in the juvenile forest catchment (LI8) behaves 
more like a moorland stream than a forest one. Mean pH is 
5.38, and 25% of samples exhibit pH <5.0. Nevertheless, 
acid events do occur, with the minimum pH of 4.4 being 
almost as low as in the mature forest streams. 
*	 Continuous monitoring of stream chemistry using the 
sophisticated instrumentation has identified rapid and 
severe deteriorations in water quality that were not 
detectable by the previous less intensive monitoring. 
*	 Du~ing snow-melt conditions in March 1986, pH dropped from 
6.0 and 4.0 at afforested LT1 and from 5.6 to 4.7 at 
moorland CI5 within an eleven hour period. Normally well 
buffered streams were also affected, although to a lesser 
extent. Aluminium levels exceeded 1.0 mgl- 1 at afforested 
LI1. The changes recorded are attributable to a combination 
of reduced buffering capacity arising from frozen soils and 
reduced groundwater flows, combined with rapid run-off of 
material deposited from the atmosphere during the preceding 
cold period. 
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*	 Even during summer storm events, pH regularly dropped to 4.2 
in afforested LI2. Such short duration flushes have been 
shown to b1e ecologically significant. Whilst certain 
invertebrate groups (e.g. mayflies) are able to take 
advantage of any temporary improvements in water quality to 
produce a short-term increase in diversity, fish populations 
can be eliminated by single acidic episodes. 
7.5 
*	 Biological impacts of surface-water acidity-in Welsh rivers 
and lakes are amongst the most important consequences, 
involving effects on primary production, invertebrates, fish 
and on birds which depend on water-courses as a food supply. 
*	 Fish are absent from afforested streams, but present in 
acidic moorland streams despite a low abundance of 
invertebrates. Terrestrially derived prey may be important 
in the moorland} but more data are required. 
*	 Aluminium concentrations in forest streams, particularly the 
labile fraction, are well above the toxic threshold for 
salmonids, ~~ a clear toxic effect has been shown with 
caged fish exposed to natural episodes~ 
*	 Field toxicity tests with experlmentally induced episodes 
revealed enhanced breathing frequency and dramatically 
enhanced mortality amongst salmonids exposed to low pH and 
elevated aluminium. Aluminium under these circumstances 
accumulates at the gill surface. 
*	 Forest presence also has physical influences on stream 
ecosystems, including altered temperature regimes which may 
reduce fish growth. 
*	 Invertebrate faunas in Welsh streams show marked and clear 
relationships with water chemistry, amongst which pH, 
aluminium concentration and total hardness figure 
prominently. 
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*	 Invertebrate densities were generally lower in acidic 
moorland streams than in circumneutral streams and forest 
streams (except following bankside clearance). 
Circumneutral streams had the most mayfly nymphs and caddis 
larvae, whilst acidic streams were dominated by stoneflies. 
*	 The quality of algae and bacteria, used as food by some 
invertebrates, differs between streams. However, 
experimental pulses of acidity and elevated aluminium have a 
marked influence on mayflies. Both indirect and direct 
effects of low pH on invertebrates are, therefore, possible. 
More data are required on impacts of aqiditr on primary 
production, and its relationships with invertebrate fauna. 
More evidence is also required on the trophic and chemical 
effects of forest presence on invertebrates, ideally through 
experimentation. 
7 .. 6 
*	 Previous field investigations have estimated the 
concentrations of dissolved aluminium in streamwater using 
the "f'Ll.t.e.rabLe " c r i t.eri.on (i.e. <0.45 urn), and so the ionic 
species present were not known. Laboratory studies in this 
project have determined the levels of inorganic monomeric 
aluminium in natural waters using a modification of ,the 
Driscoll method to provide increased accuracy. The 
inorganic monomeric form is the most toxic form of 
aluminium, and was ,found to be highest in streams draining 
afforested catchments during high flow events. 
*	 A more rapid method of aluminium fractionation than that 
outlined above has also been developed, enabling large 
numbers of samples to be analysed. When applied to field 
samples, it was found that total, filterable and labile 
aluminium concentrations were all highest in forest streams. 
More data are required on episodic changes, but there are 
indications of a direct correlation be't.weeri "filterable" and 
"labile" aluminium at pH <5.0 and aluminium >0.1 mgl- 1 . 
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*	 Only a very small proportion of measured inorganic monomeric 
aluminium is complexed by fluoride or by humic acids. 
However, the large quantities of particulate and colloidal 
matter found in suspension during high flows can effectively 
regulate the amount of inorganic monomeric aluminium in 
solution. 
7.7 
*	 Agricultural improvement (ploughing, liming, reseeding) of 
part of a moorland catchment did not affect water quality 
significantly in the first four months after treatment. 
During a storm event in October 1986, toxic conditions were 
experienced with pH falling to 5.0 and aluminium 
concentrations reaching 0.13 mgl- 1 • However, some 
improvements may become apparent in the longer term, since 
magnesium limestone is known to take some time to leach out. 
*	 Bankside clearance of conifer forest (carried out in 1983) 
had no significant effect on water quality, with pH <5.0 
being recorded on most storm events after treatment. 
Biological monitoring since 1984 has indicated that some 
impoverishment of invertebrate communities has taken place 
since the clearance was carried out. 
*	 Bankside clearance and liming had a beneficial effect on 
water quality in the short term, with pH rising to 6.0 from 
a pre-treatment maximum of 4.8. However, during storm 
events pH dropped as low as 4.5, almost as low as the lowest 
pH's previously recorded. The longer term effectiveness of 
this treatment as the limestone is leached through the soils 
has yet to be determined. 
*	 Liming of a small lake in the Brianne area has shown that 
water quality can be improved sufficiently to permit the 
introduction of a thriving brown trout population in what 
was an extinct ,fishery. Annual re-dosing is, however, 
required. An evaluation of flow-related river liming would 
be most valuable. 
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7.8 Modelli~g 
*	 Long term simulations of catchment behaviour indicate that 
there has been significant/acidification over the past 
hundred years. A half-unit pH decline has been calculated 
for moorland catchment CI5, similar to the amount inferred 
by diatom studies on nearby moorland lakes. 
*	 A short-term flow-hydrogen ion response model has also been 
applied to afforested catchment Lll. The model produces a 
satisfactory simulation of hydrogen ion concentration, and 
indicates that hydrology plays an important role in 
catchment acidity. 
*	 A model relating invertebrate assemblage to water chemistry 
has been derived. It will have value in prediction and in 
backwards reconstruction when used in conjunction with 
hydrochemical models. 
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PLATE 1 
Llyn Brianne looking northwards. The moorland catchments in 
the Camddwr are background left, and the afforested Lake Input 
catchments enter from the right. 
PLATE 2 
One of the moorland catchments (C16), showing the sampling hut 
by the stream. 
PLATE 3 
Sampling equipment (as 
deployed at all sites). The 
continuous monitoring 
equipment is on the top shelf, 
with the loggers on the middle 
shelf and automatic sampler on 
the base. See Figure 7 for 
details. 
PLATE 4 
Automatic weather station at 
Trawsnant. See Section 3.3. 
PLATE 5 
Land improvement at catchment C13. 
PLATE 6 
Catchment C13. The improved area is visible in the centre.  
· /' . 
PLATE 7 
Loading the helicopter hopper for liming the cleared bankside in 
Catchment L12. 
PLATE 8 
Liming the cleared bankside in catchment Ll2. 
PLATE 9 
Ploughing peat soils in 
catchment C14 . No forestry 
planting is being carried out 
here. 
PLATE 10 
ITE throughfall and stemflow collectors in spruce for est. 
